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PREFACE 

During  the  past  twelve  years,  the  writer  has  spent  much  time 
investigating  the  greatly  neglected  field  of  root  habits  of  plants. 
Such  a  wide  interest  has  been  manifested  in  this  work  that  it  was 
deemed  advisable  to  bring  together  into  a  single  volume  the  more 
important  results  of  these  studies.  In  dealing  with  the  various 
cultivated  plants,  the  rather  meager  data  from  other  investi- 
gations have  been  added  to  present,  so  far  as  possible,  a  general 
view  of  the  root  development  of  crops  in  the  United  States.  No 
attempt  has  been  made  to  include  root  studies  other  than  those 
made  in  America,  as  this  would  have  extended  the  work  far 
beyond  the  scope  of  this  volume.  For  an  introduction  to  the 
more  recent  foreign  investigations,  the  student  is  referred  to  the 
works  of  Rotmistrov,  Schulze,  Vorob'ev,  and  Osvald,  in  Europe, 
and  the  extensive  work  of  Howard,  in  India. 

The  materials  for  this  book,  except  the  first  three  and  last  two 
chapters,  have  been  taken  largely  from  the  following  publications 
issued  by  the  Carnegie  Institution  of  Washington:  "Ecological 
Relations  of  Roots,"  Publication  286;  "Root  Development  in  the 
Grassland  Formation,"  Publication  292;  "Development  and 
Activities  of  Roots  of  Crop  Plants,"  Publication  316;  and  "Root 
Behavior  and  Crop  Yield  under  Irrigation,"  Publication  357. 
The  first  two  are  by  the  writer,  and  the  third  and  fourth  by  the 
writer  and  coauthors.  Dr.  Frank  C,  Jean  and  Dr.  John  W.  Crist. 
The  author  is  under  great  obhgations  to  the  Carnegie  Institution  of 
Washington  for  permission  to  use  these  materials  and  to  Doctors 
Jean  and  Crist  for  their  willingness  that  the  materials  be  used. 
He  is  also  indebted  to  a  number  of  his  students,  particularly  Miss 
Annie  Mogensen,  Mrs.  F.  C.  Jean,  Miss  Ruth  Vernon,  Mr.  Joseph 
Kramer,  Misses  Maud  Reed  and  Mary  Sturmer  for  many  of  the 
illustrations  and  other  valuable  help.  To  his  colleagues  in 
botany  and  agronomy,  the  writer  is  indebted  for  valuable  advice 
and  encouragement  in  the  preparation  of  the  manuscript;  also 
to  Professor  T.  J.  Fitzpatrick  for  reading  the  manuscript  and 
proof.  Criticisms  looking  toward  the  improvement  of  future 
editions  will  be  welcomed.  John  E.  Weaver. 

Lincoln,  Nebraska, 
February,  1926. 
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ROOT  DEVELOPMENT  OF 
FIELD  CROPS 

CHAPTER  I 
THE  ENVIRONMENT  OF  ROOTS:  THE  SOIL 

Frequently,  half — and  often  much  more — of  every  crop  plant 
is  invisible.  This  portion  consists  entirely  or  largely  of  roots 
which  extend  far  into  the  soil.  It  is  very  necessary,  for  a  proper 
understanding  of  root  habits  and  activities,  to  have  some  knowl- 
edge of  the  surroundings  in  which  they  grow. 

The  soil  is  the  environment  of  many  plant  activities.  Plants 
are  anchored  in  it,  water  and  nutrients  are  absorbed  from  it, 
vast  stores  of  food  are  accumulated  in  underground  plant  parts, 
and  it  is  in  the  soil  where  much  vegetative  propagation  occurs. 
Of  the  two  environments  in  which  plants  grow,  the  soil  is  much  the 
more  complex.  This  is  true  whether  air  and  soil  are  each  con- 
sidered from  the  physical,  chemical,  or  biological  viewpoint. 
The  soil  not  only  affects  the  development  and  activities  of  roots 
directly,  but  also,  by  modifying  the  functioning  of  roots,  it 
affects  the  growth  and  yield  of  aboveground  parts.  Next  to  the 
living  organisms  which  it  supports,  soil  is  perhaps  the  most  com- 
plex, the  most  interesting,  and  the  most  wonderful  thing  in 
nature.  It  is  not  mere  dirt.  It  is  a  vast  chemical  and  physical 
laboratory  where  reactions  of  the  greatest  economic  importance 
are  constantly  occurring,  where  various  physical  forces  interplay 
while  tending  towards  an  equilibrium.  It  is  the  home  of  countless 
billions  of  microorganisms — bacteria,  fungi,  and  protozoa — which 
throng  its  dark  passageways.  Earthworms,  insects,  and  numer- 
ous burrowing  animals  delve  into  it  for  food  and  shelter.  It 
consists  of  a  complex,  highly  organized  mixture  of  disintegrated 
and  decomposed  rocks,  humus,  water,  air,  dissolved  substances, 
and  microorganisms. 

More  than  90  per  cent,  by  weight,  of  ordinary,  air-dried  soil 
consists   of   rock   fragments.     Due   to   the   action   of   climatic 
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agencies,  the  outer  portion  of  the  solid  rock  of  the  earth's  crust 
has  changed  into  a  loose  and  disintegrated  condition.  This  layer 
has  performed  a  marvelous  function,  for  in  it,  with  its  admixture 
of  humus,  etc.,  a  medium  for  the  growth  of  plant  populations 
has  originated.  These  plants,  through  long  periods  of  gradual 
change,  have  evolved  into  the  present  types  of  vegetation.  Like 
the  life  which  it  has  supported,  the  soil,  too,  has  been  changing 
and  evolving,  and  its  present  structure  can  be  comprehended 
only  by  thinking  of  it  as  highly  dynamic  and  continually  under- 
going change.  In  fact,  to  a  large  degree,  soil  is  a  product  both 
of  climate  and  of  vegetation.  The  most  obvious  distinction 
between  soil  and  the  underlying  subsoil  is  that  of  color.  The  soil 
is  darker  brown  or  almost  black,  because  of  the  presence  of  the 
disintegrated  and  altered  remains  of  past  vegetation. 

Although  soils  vary  greatly  in  physical  texture,  chemical 
composition,  depth,  origin,  and  richness,  as  well  as  in  many 
other  ways,  all  are  normally  made  up  of  a  mixture  of  distinct 
components,  each  of  which  has  its  particular  influence  upon  crop 
production.  In  a  brief  chapter,  the  more  important  charac- 
teristics of  soils  from  the  particular  viewpoint  of  their  relations 
to  root  development  can  merely  be  outlined. 

ORIGIN  OF  SOIL 

As  already  indicated,  the  bulk  and  the  basic  material  of  the 
soil  consists  of  rock  particles.  These  small  angular  fragments 
have  been  derived  from  the  underlying  solid  rock  and  possibly 
later  transported  by  wind  or  water.  During  the  past  centuries, 
rocks  have  disintegrated  and  are  now  disintegrating  by  the 
action  of  such  forces  as  alternate  freezing  and  thawing,  formation 
of  ice  in  pores  and  crevices,  erosion  by  wind  and  running  water, 
surface  scouring  by  glaciers,  and  the  prying  action  of  roots. 
Accompanying  this  fragmentation  has  occurred  the  exceedingly 
important  process  of  decomposition  or  chemical  corrosion,  for 
plants  cannot  grow  in  pulverized  rock,  no  matter  how  small  the 
particles,  unless  the  food  materials  locked  in  these  particles  as 
insoluble  compounds  have  been  changed  chemically  to  water- 
soluble  substances.  The  latter  alone  can  be  absorbed  by  the 
roots. 

The  Decomposition  of  Rocks. — Rock  decomposition  is  a  proc- 
ess constantly  taking  place.  It  is  brought  about  chiefly  by 
oxidation,  carbonation,  hydration,  and  solution  as  well  as  by 
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the  action  of  soil  organisms  and  the  roots  of  plants.  The  action 
of  oxygen  in  the  rusting  of  iron  in  moist  air  is  familiar  to  all.  In 
rocks  containing  iron  compounds,  this  oxidizing  or  rusting 
process  makes  these  compounds  more  or  less  soluble.  Enough 
minerals  contain  iron  to  impart  a  weakness  to  most  rocks  when 
the  iron  is  oxidized.  As  the  soluble  compounds  dissolve,  the 
rock  becomes  more  porous  and  offers  more  surface  for  physical 
disintegration  and  chemical  corrosion. 


Fig.  1. — Origin  of  soil  from  underlying  limestone  on  top  of  a  steep  hill. 
Much  of  the  soil  has  been  transported  by  wind  and  water  to  the  lower  hillsides 
and  valleys  where  it  forms  a  layer  many  feet  deep. 


The  process  of  oxidation  is  nearly  always  accompanied  by  that 
of  carbonation,  in  which  process  carbonic  acid  unites  with  bases 
to  form  carbonates.  Carbon  dioxide,  always  present  in  small 
amounts  in  the  air,  is  much  more  abundant  in  the  soil  atmosphere. 
In  combination  with  water,  it  forms  a  weak  acid  which  increases 
the  dissolving  power  of  the  water  many  fold.  By  means  of 
chemical  action  upon  the  various  rock  and  soil  bases,  carbonates 
and  the  soluble  bicarbonates  are  formed. 

By  the  process  of  hydration,  which  is  the  chemical  union  of 
water  with  substances,  rocks  are  decomposed  into  soil.     This 
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important  process  usually  precedes  or  accompanies  oxidation  and 
carbonation.  As  a  result  of  hydration,  many  rock-forming 
minerals,  when  exposed  to  the  mechanical  forces  of  weathering, 
become  soft,  lose  their  luster,  and  quickly  break  down  into  soil 
(Fig.  1). 

As  a  result  of  the  combined  forces  of  fragmentation  and  decom- 
position, the  mineral  components  of  the  rock  are  simplified  and 
slowly  dissolve  in  the  soil  water. 

Role  of  Plants  and  Animals. — The  role  of  living  organisms  in 
soil  formation  is  likewise  an  important  one.  The  amount  of 
carbon  dioxide  in  the  soil  is  greatly  increased  by  the  respiration 
of  bacteria  and  other  soil  oi-ganisms  as  well  as  by  the  respir- 
ation of  roots.  The  solvent  action  by  carbonation  resulting 
from  the  supply  of  carbon  dioxide  afforded  by  roots  is  beautifully 
illustrated  by  growing  a  corn  plant  in  a  few  inches  of  sand  in  a 
box  which  has  for  a  bottom  a  polished  marble  slab.  After  only 
2  or  3  weeks,  distinct  etchings  of  the  "root  tracks"  are  clearly 
visible.  The  rapidity  of  carbonation,  which  takes  place  on  a 
vast  scale,  has  a  direct  relation  to  the  amount  of  vegetation. 
It  is  chiefly  through  root  respiration,  the  decay  of  the  vegetation 
and  the  respiration  of  the  microorganisms  which  it  supports  that 
carbon  dioxide  is  supplied  to  the  soil  air.  By  these  processes, 
several  hundred  pounds  of  carbon  dioxide  are  added  to  an  acre  of 
soil  each  year. 

The  great  dissolving  power  of  water  acidified  by  carbon  dioxide 
is  increased  by  nitric  and  sulphuric  acids  which  are  present 
in  small  amounts  in  rain  water  and  are  also  supplied  in  small 
quantities  to  soil  water  by  the  action  of  bacteria.  In  addition  to 
large  amounts  of  carbon  dioxide  resulting  from  the  oxidation 
of  organic  matter,  organic  acids  are  formed  by  the  decomposi- 
tion of  plant  and  animal  debris  and  are  also  excreted  by  living 
roots  under  conditions  of  poor  aeration.  ^^^  In  water  charged 
with  such  acids,  many  rock  compounds  are  readily  soluble,  and 
all  are  soluble  to  a  limited  degree. 

Lowly  plants,  such  as  lichens,  algae,  and  mosses,  live  upon 
bare  rock  surfaces,  slowly  corroding  them  and  forming  a  thin 
film  of  organic  debris.  These  are  followed  by  higher  plants 
which  exert  a  profound  influence  upon  the  formation  and  nature 
of  the  soil.  Roots  and  rhizoids  penetrate  the  pores  and  crevices, 
enlarging  them  by  their  solvent  action  and  often  splitting  rock 
masses  apart  by  the  force  of  expansion  accompanying  growth. 
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The  roots  die  and  leaves  and  stems,  as  well  as  animal  remains, 
accumulate  in  the  surface  layers.  All  are  immediately  attacked 
and  partly  decomposed  by  the  combined  action  of  bacteria, 
fungi,  and  other  organisms  which  thus  initiate  the  important 
process  of  humus  formation.  The  resultant  mass  now  begins  to 
take  on  the  character  of  soil. 

SOIL  TEXTURE  AND  STRUCTURE 

The  soil  is  not  a  simple  mixture  of  its  solid  constituents 
moistened  with  water.  Texture  and  structure  are  its  chief 
physical  properties.  The  sizes  of  soil  particles  give  texture,  and 
their  arrangement  results  in  soil  structure. 

Soil  Texture. — Soils  differ  a  great  deal  in  the  fineness  or  coarse- 
ness of  the  particles  of  which  they  are  composed,  that  is  in  texture. 
This  difference  between  a  sandy  soil  and  a  clay  soil  is  familiar  to 
nearly  everyone.     There  are  three  general  groups  of  particles 


Fig.  2. — Diagram  illustrating  variation  in  sizes  of  different  soil  particles, 
from  the  coarsest  sand  particles  to  clay.  The  range  is  so  great  that  it  is  neces- 
sary to  show  the  coarsest  clay  particles  multiplied  200  times.  (After  M.  F. 
Miller,  The  Soil  and  Its  Management,  Ginn  and  Company.) 

in  soil.  The  coarse  particles  are  called  sand,  those  of  medium 
size  are  termed  silt,  and  the  very  fine  particles  are  called  clay. 
The  relative  amounts  of  these  different  grades  of  particles  in  a 
soil  determine  its  texture. 

While  coarse  sand  grains  are  about  as  large  as  the  head  of  a 
pin,  clay  particles  are  so  small  that  it  requires  approximately 
65,000,000  of  the  largest  of  these  to  equal  one  grain  of  sand 
(Fig.  2).^^'  Such  a  wide  range  in  the  sizes  of  soil  particles 
readily  accounts  for  the  great  differences  in  the  texture  of  soils. 
A  knowledge  of  soil  texture  is  important,  since  the  agricultural 
value  of  a  soil  depends  to  a  very  considerable  degree  upon  its 
texture. 

The  farmer  or  gardener  ordinarily  distinguishes  only  three 
general  classes  of  soils  {i.e.,  soils  of  different  texture),  viz.,  sandy 


6  ROOT  DEVELOPMENT  OF  FIELD  CROPS 

soils,  loam  soils,  and  clay  soils.  There  are  other  classes,  how- 
ever, such  as  sandy  loam,  silt  loam,  clay  loam,  etc.,  which  are 
divisions  of  the  three  general  classes.  The  class  to  which  a  soil 
belongs  can  be  determined  accurately  only  by  a  mechanical 
analysis.  This  consists  in  separating  a  soil  into  the  grades  of 
particles  of  which  it  is  composed  and  determining  the  percentage 
of  each. 

Cause  and  Nature  of  Soil  Structure. — Soil  structure  is  due  to 
the  arrangement  or  grouping  of  the  soil  particles.  The  irregu- 
larity in  size  and  shape  of  the  rock  particles  prevents  a  tight 
packing  together  and  affords  open,  irregular  spaces  through  which 
air  and  water  can  circulate,  while  their  weight  and  mutual 
pressure  furnish  the  necessary  resistance  for  firm  root  anchorage. 
Soils  of  single-grain  structure  like  sand,  where  the  particles 
function  more  or  less  separately,  are  fairly  simple.  But  a  very 
complex  structure  is  represented  in  clay  where  the  soil  granules 
or  crumbs  are  composed  of  many  particles  bound  together  by 
colloidal  or  glue-like  material  originating  from  the  finest  clay 
and  humus  particles. 

A  moist  soil  of  good  structure  crumbles  in  the  hand.  This 
granular  property  is  an  expression  of  its  structure.  It  may  be 
destroyed  by  shaking  the  soil  in  water  or  by  drying  it  out 
completely. 

In  the  former  case,  drying  the  sediment  of  mud  does  not  restore  it  to 
its  proper  condition;  in  the  latter,  it  is  difficult  to  wet  the  dusty  mass 
thoroughly,  and  when  this  has  been  done,  only  a  sticky  paste  is  produced. 
The  soil  crumbs  have  been  destroyed,  and  simple  wetting  or  drying, 
though  it  may  restore  the  original  degree  of  moisture,  does  not  recon- 
struct the  crumbs.  In  agricultural  practice,  this  fact  is  of  great  impor- 
tance, for  a  soil,  if  worked  when  too  wet,  becomes  puddled,  quite  unfit 
for  plant  growth,  and  may  require  prolonged  treatment  before  it  is 
again  fit  to  bear  crops. ^^^ 

A  rich  loam  usually  furnishes  an  example  of  a  soil  with  an 
excellent  structure.  It  is  composed  of  approximately  half  sand 
and  half  silt  and  clay,  and  often  contains  considerable  humus. 
Some  of  the  particles  are  large  and  function  as  individuals. 
Those  of  smaller  size  furnish  a  nucleus  about  which  the  still 
smaller  particles  aggregate  to  form  granules.  This  aggrega- 
tion of  the  smallest  soil  particles  into  groups  or  crumbs  which 
act  as  individuals  makes  the  soil  much  more  porous.     The  larger 
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interspaces  permit  the  water  to  drain  away  as  they  become  filled 
with  air,  while  the  smaller  ones  retain  the  moisture.  Humus  has 
a  very  important  effect  in  lightening  the  soil  and  promoting  a 
good  soil  structure. 

Relations  of  Tillage,  Plants,  and  Animals  to  Soil  Structure. — 
The  chief  object  in  tillage,  aside  from  preventing  the  growth  of 
weeds,  is  to  make  the  soil  more  conducive  to  the  gro\vth  of  crops, 
an  effect  brought  about  by  maintaining  a  good  soil  structure. 
Cultivation  results  in  the  formation  of  soil  crumbs  or  soil  aggre- 
gates which  give  the  soil  a  loose  condition  commonly  known  as 


Fig.  3. — Portions  of  soil  taken  at  a  depth  of  5  feet  showing  the  numerous 
earthworm  burrows.  These  are  5  to  7  millimeters  in  diameter  and  sometimes 
extend  to  depths  of  10  to  13  feet. 


tilth.  In  cultivated  soils,  tilth  is  destroyed  by  the  defloccu- 
lating  action  of  beating  rains.  Under  natural  conditions,  it  is 
maintained  by  the  humus  and  by  root  penetration,  deflocculation 
being  prevented  by  the  protection  afforded  by  the  natural  plant 
cover. 

Earthworms  play  an  important  part  in  keeping  soil  in  good 
tilth.  In  semiarid  soils,  at  least,  they  are  not  confined  to  the 
surface  layers  but  often  fill  the  subsoil  with  their  burrows  to 
depths  of  5  feet  or  more  (Fig.  3).^^^  In  feeding,  they  consume 
decaying  vegetable  matter  and,  at  the  same  time,  take  in  large 
quantities  of  soil.  This,  in  passing  through  their  digestive 
tracts,  is  acted  upon  by  digestive  juices.  The  worms  come  to  the 
surface  to  discharge  their  faeces  or  "worm  casts"  and,  in  this 
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process,  are  continually  bringing  up  well-mixed  and  enriched 
deeper  soil  and  exposing  it  to  the  air.  They  are  frequently  very 
numerous,  often  many  thousands  per  acre.  Darwin^^  estimated 
that  they  brought  to  the  surface  annually  enough  soil  to  form  a 
layer  0.2  inch  in  depth  or  10  tons  per  acre.  Burrowing  every- 
where, dragging  down  large  vegetable  fragments  from  above, 
they  help  to  aerate  the  soil  and  keep  it  light  and  of  good  structure. 
Rodents,  ants,  and  various  other  animals  mix  and  open  up  soil 
and  subsoil  to  air  and  water  and  thus  promote  root  penetration.^"' 
On  the  "hard  lands"  of  the  Great  Plains,  the  work  of  prairie  dogs 
and  other  rodents  has  had  a  profound  effect  upon  soil  structure, 
increasing  water  penetration  and  permitting  the  growth  of  certain 
deeply  rooted  species  of  plants.  Insects,  insect  larvae,  nema- 
todes, and  hosts  of  other  organivsms  abound,  all  being  instru- 
mental in  loosening  the  soil  and  thus  affecting  root  development 
and  crop  yield. 

HUMUS   AND    MICROORGANISMS 

The  soil  is  the  seat  of  a  number  of  slow  chemical  changes  by 
means  of  which  the  plant  and  animal  residues  are  converted  into 
the  dark-colored  organic  matter  of  the  soil.  A  good  supply  of  this 
semidecomposed  organic  material  greatly  promotes  productive- 
ness. The  process  of  the  decomposition  or  decay  of  the  organic 
residues  is  dependent  upon  various  minute  organisms  universallj- 
distributed  throughout  cultivated  soils. 

Origin,  Nature,  and  Effect  of  Humus. — Humus  comprises  the 
more  or  less  decayed  organic  portion  of  the  soil.  It  is  mostly, 
but  not  entirely,  vegetable  matter,  dark  in  color,  light  in  weight, 
and  more  or  less  intimately  mixed  with  the  mineral  soil  com- 
ponents. This  organic  material  is  of  great  importance;  indeed, 
without  it,  successful  crop  production  would  be  quite  impossible. 
Its  effect  in  improving  the  physical  condition  of  the  soil  is  marked. 
It  acts  as  a  weak  cement  to  bind  sand,  lightens  or  opens  a  clay 
soil  by  separating  the  particles,  and  thus  increases  percolation, 
aeration,  bacterial  activity,  and  root  extent  as  well  as  the  ease  of 
tillage.  Being  very  absorbent,  it  helps  to  retain  water  so  that 
in  regions  of  moderate  rainfall  crops  grown  in  soils  rich  in  humus 
are  less  likely  to  suffer  from  drought. 

The  marked  effect  of  humus  upon  water  conservation  and 
storage  should  be  emphasized.  Careful  estimates  from  experi- 
mental data  show  that  the  loss  of  humus  through  soil  erosion 
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under  a  precipitation  of  26  inches  is  probably  equivalent  to  a 
decrease  of  6  inches  in  rainfall.  ^"^^  Soils  that  have  lost  humus  are 
harder  than  formerly  and  in  poorer  tilth;  they  crack  easily  and 
expose  greater  surfaces  to  evaporation. 

Based  on  dry  weight,  the  organic  matter  of  a  mineral  soil 
may  constitute  from  less  than  1  to  more  than  15  per  cent,  fre- 
quently 5  to  10  per  cent  being  found  in  cultivated  soil.  These 
low  percentages  are  due  to  the  fact  that  the  mineral  soil  matrix 
has  a  density  about  three  times  as  great  as  that  of  the  humus.  ^" 

Relative  to  volume,  the  humus  may  constitute  from  4  to  12 
per  cent  and  the  mineral  soil  components  only  41  to  62  per  cent, 
the  remaining  volume  being  pore  space  which  is  occupied  by  water 
and  air.  1"  The  amount  of  humus  varies  with  the  climate.  Arid 
soils  contain  less,  partly  because  there  is  less  vegetation  from 
which  it  may  form  but  largely  because  of  its  too  rapid  oxidation. 
Conversely,  in  soils  that  are  very  wet,  decay  is  greatly  retarded 
and  plant  remains  may  accumulate  in  such  quantities  as  to 
constitute  85  per  cent  or  more  of  the  weight  of  the  soil.  This  is 
the  case  in  peat  or  muck  soils. 

Although  much  of  the  humus  has  its  origin  from  aboveground 
plant  parts,  large  amounts  are  formed  from  root  decay  and  a 
smaller  amount  from  the  remains  of  soil  organisms.  The  decay 
of  the  organic  debris  is  brought  about  by  the  activities  of  various 
groups  of  bacteria,  fungi,  protozoa,  and  other  inhabitants  of  the 
soil.  Indeed,  these  organisms  cause  not  only  the  formation  of 
the  humus  but  also  its  disappearance,  for  in  good  soils,  the  supply 
is  constantly  being  renewed  and  yet  it  does  not  increase.  Chemi- 
cal reactions  in  the  soil  are  greatly  accelerated  by  humus  decay. 

The  Formation  of  Humus. — The  process  of  humus  formation 
consists  of  a  series  of  complex  chemical  changes  not  yet  fully 
understood.  The  organic  debris  is  finally  broken  down  into 
simpler  compounds,  the  end  products  being  carbon  dioxide,  water, 
ammonia,  marsh  gas,  and  inorganic  compounds  of  sulphur  and 
phosphorus.  This  destructive  process  goes  on  by  various  stages, 
-the  end  product  of  the  activities  of  one  group  of  bacteria,  for 
example,  being  the  raw  material  further  reduced  by  another. 
Such  reactions  in  all  stages  are  continually  in  progress.  Thus 
there  is  a  close  relation  between  the  vegetation  and  the  soil 
population.  The  latter  is  dependent  almost  entirely  upon  the 
growing  crop  for  energy  material,  while  the  plant  is  equally 
dependent  on  the  activities  of  the  soil  population  for  removing 
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the  residues  of  previous  generations  of  plants  and  for  the  con- 
tinued production  in  the  soil  of  simple  materials  which  are  neces- 
sary to  its  growth.^''"  The  enormous  importance  of  this  process 
in  the  economy  of  nature  is  self-evident  and  the  importance  of 
the  role  of  soil  organisms  can  scarcely  be  over-emphasized. 
The  encouragement  of  their  growth  and  activities  by  proper 
methods  of  tillage  is  an  important  pha.se  of  plant  production. 
During  humus  formation,  the  material  takes  on  the  characteris- 
tic dark  color.  This  process  of  decay,  however,  is  not  one  of 
immediate  simplification.  The  various  organic  acids,  etc., 
originating  as  intermediary  products,  react  upon  the  minerals 
with  which  they  are  in  contact,  and  these  may  thereby  be  made 
soluble  and  available  to  the  plant. 

Organisms  Concerned. — The  number  and  kinds  of  organisms 
taking  part  in  these  processes  of  simplification  are  very  great. 
A  single  gram  of  loam  from  the  surface  soil,  an  amount  easily  held 
on  the  blade  of  a  small  pocket  knife,  may  contain  14,000,000  to 
58,000,000  bacteria^^  and  in  some  soils,  even  at  a  depth  of  3  feet, 
as  many  as  37,000  per  gram  have  been  found. ^^  The  number 
fluctuates  greatly  from  season  to  season  and  also  from  day  to  day. 
Bacteria  are  aided  in  their  important  work  by  many  kinds  of 
fungi  which  are  always  abundant  in  soils  rich  in  humus.  -The 
toadstools  and  puffballs  of  old  pastures  are  the  enlarged  fruits  of 
certain  species  whose  thread-like  bodies  ramify  the  soil.  Many 
smaller,  mold-like  forms  occur  in  countless  numbers,  several 
hundred  species  having  been  identified.  Some  are  found  at 
depths  of  3  to  4  feet.^i 

The  Relation  to  Nitrogen. — Among  this  vast  assemblage  of 
dwellers  in  the  soil,  certain  groups  deserve  especial  mention, 
since  they  are  concerned  very  directly  with  the  supply  of  nitro- 
gen, a  constituent  of  the  protoplasm  and  a  substance  most  indis- 
pensable to  plants.  The  ammonia  liberated  in  the  breaking  down 
of  proteins,  a  process  called  ammonification,  is  oxidized  to 
nitrites  by  certain  kinds  of  bacteria.  The  nitrites  are  further 
oxidized  by  other  bacteria  to  nitrates,  which  is  the  form  of 
nitrogen  most  favorable  for  crops.  The  process  of  nitrification 
is  exceedingly  important  in  agriculture,  since  crops  cannot  use 
nitrogen  from  the  abundant  supply  in  the  air  but  must  rely 
entirely  upon  compounds  absorbed  in  solution  through  the  roots. 
Hence,  the  presence  of  mineral  salts  containing  combined  nitro- 
gen is  a  factor  of  great  importance  in  soil  productiveness.     Since 
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the  supply  of  nitrates  is  constantly  diminished  by  leaching  and 
cropping,  its  renewal  is  imperative  for  permanent  agriculture. 

Several  species  of  soil  bacteria  functioning  independently  of 
higher  plants  possess  the  power  of  taking  the  free  nitrogen  from 
the  air  and  incorporating  it  into  organic  compounds.  In  this 
way,  much  nitrogen  is  added  to  the  soil.  A  gain  of  from  25  to 
40  pounds  per  acre  per  year  has  been  determined  by  different 
investigators.  Both  nitrifying  and  nitrogen-fixing  bacteria 
thrive  in  the  humus,  and  it  is  largely  due  to  their  activities  that 
soils  containing  much  humus  are  so  rich. 

Under  certain  conditions,  however,  although  the  production  of 
bacteria  may  be  stimulated,  yet  the  nitrate  content  of  the  soil  is 
reduced.  The  common  agricultural  practice  of  mulching  with 
straw,  used  by  gardeners,  orchardists,  wheat  growers,  and  others, 
has  been  shown  to  retard  the  growth  of  the  crop,  delay  ripening, 
and  especially  reduce  the  yield  materially.  ^^^^  Various  bacteria 
use  the  straw  as  a  source  of  carbon  and  the  nitrates  as  a  source 
of  nitrogen.  Thus  the  nitrates  are  transformed  into  organic 
nitrogenous  material  and,  for  a  time,  are  lost  as  available  food 
material  for  the  growing  crop.  In  certain  wheat-growing  sec- 
tions, where  the  addition  of  straw  is  practically  the  only  method 
of  maintaining  the  humus  supply  of  the  soil,  it  is  very  important 
that  the  effect  of  straw  on  the  activities  of  soil  organisms  be  fully 
understood.  ^''^'  ^ 

Soil  bacteria  furnish  the  chief  food  of  many  microscopic  animals 
belonging  to  the  group  called  protozoa.  Protozoa  have  been 
shown  to  be  common  in  many  soils  and  are  frequently  very 
abundant.  A  gram  of  soil  may  contain  anywhere  from  10,000  to 
2,000,000  individuals.  When  conditions  are  favorable,  a  too 
vigorous  development  of  these  organisms  may  seriously  reduce 
the  bacterial  flora  and  render  the  soil  less  productive.  Actual 
counts  have  shown  that  when  certain  of  the  protozoa  called 
amoebae  were  abundant  in  arable  land,  bacteria  were  few,  and 
vice  versa. ^^•^'^'^ 

Among  certain  plants,  notably  the  legumes,  which  are  very 
rich  in  nitrogenous  compounds,  a  close  relationship  exists  between 
other  species  of  nitrogen-fixing  bacteria  and  the  roots.  Here,  the 
bacteria  are  found  in  the  root  nodules  familiar  to  all  on  clovers 
and  alfalfa.  From  40  to  over  250  pounds  of  nitrogen  per  acre 
may  thus  be  added  to  the  soil  in  a  single  season  through  the 
activities  of  these  bacteria.     This  explains  why  the  practice  of 
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growing  leguminous  crops  and  plowing  them  under  as  green 
manure  has  such  a  stimulating  effect  upon  the  growth  of  suc- 
ceeding crops.  However,  except  for  the  wrecking  crews  com- 
posed of  myriads  of  microscopic  organisms,  which  immediately 
attack  the  fallen  vegetation  and  reduce  it  to  water-soluble  and, 
hence,  usable  compounds,  few  new  crops  could  be  grown.  Other- 
wise, such  practices  as  the  application  of  barnyard  manure  and 
the  plowing  under  of  wheat  stubble  and  other  crop  residues  would 
be  distinctly  detrimental  to  the  soil. 

THE  SOIL  SOLUTION 

An  analysis  of  water  that  has  drained  through  a  soil  shows  that 
it  contains  a  great  many  substances  which  have  been  dissolved. 
Certain  portions  of  the  soil  have  gone  into  solution.  It  is  from 
this  solution  that  plants  obtain  their  mineral  nutrients. 

Origin  and  Nature. — The  soil  solutes  originate  from  several 
sources.  Some  are  formed  by  the  dissolving  of  the  original  rock 
particles;  some  come  from  decaying  humus;  others  are  built  up 
by  bacteria  and  other  soil  organisms ;  and  still  others  are  excreted 
by  roots.  Oxygen  and  carbon  dioxide  are  important  dissolved 
gases.  The  soil  solution  is  variable  in  its  composition,  partly 
because  of  the  variability  of  the  solvent  power  of  the  water, 
which,  in  turn,  depends  largely  upon  its  carbon  dioxide  content, 
and  partly  because  of  the  nature  and  amount  of  soil  colloids. 
The  soil  colloids  of  finely  divided  humus  particles  and  clay  retain 
the  solutes  by  absorption.  The  amount  thus  retained  varies 
with  the  amount  of  water.  The  more  water  present,  the  more 
solutes  go  into  solution.  As  the  water  increases,  however,  the 
concentration  of  the  solution  decreases.  For  example,  the  soil^v^ 
solution  of  a  Carrington  loam  with  15  per  cent  water  content 
had  over  16,000  parts  per  million  of  solutes  (about  1.6  per  cent 
concentration),  but  in  the  same  soil  at  38  per  cent  water  con- 
tent, the  solutes  were  reduced  to  less  than  500  parts  per  million, 
a  decrease  of  over  97  per  cent.  ^^^  Due  to  absorption  by  the  roots 
of  plants,  evaporation,  and  drainage,  the  water  content  is  always 
changing.  Moreover,  crops  are  constantly  removing  nutrients, 
and  other  amounts  are  lost  by  leaching.  The  soil  solution, 
although  always  very  dilute  is  more  concentrated  in  rich  than  in 
poorer  soil.  It  seldom  exceeds  0.3  per  cent  and  is  usually  much 
less.  Its  concentration  varies  with  the  season  even  when  the 
field  lies  fallow.     Here,  as  would  be  expected,  it  is  higher  than  in 
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similar  soils  on  which  crops  are  growing,  for  the  growth  of  a  crop 
markedly  diminishes  the  concentration  of  the  soil  solution.  This 
effect  is  still  evident  at  the  beginning  of  the  following  season.  ^"-^^ 
Thus,  the  soil  solution  is  constantly  changing  both  in  composition 
and  concentration.  It  contains  the  reserve  nutrients,  and  as 
these  are  absorbed  by  crops,  new  supplies  are  liberated  from  the 
colloidal  soil  complexes. 

Importance  in  Crop  Production. — The  importance  of  a  rich 
soil  solution  is  very  great  since  crops  absorb  their  nutrients  from 
it.  Although  over  30  elements  have  been  found  in  the  ash  of 
plants,  experiments  with  plant  cultures  have  shown  that  only 
a  few  of  these  are  essential  to  normal  growth.  This  was  deter- 
mined long  ago  by  adding  various  soluble  salts  to  pure  distilled 
water  or  water  in  clean  quartz  sand  and  observing  the  effect 
upon  growth  and  yield.  Such  studies  have  shown  that  plants 
need  only  the  soluble  salts  of  nitrogen,  sulphur,  phosphorus, 
potassium,  calcium,  magnesium,  iron,  and  sometimes  chlorine 
for  normal  growth,  although  certain  others  are  not  to  be  con- 
sidered as  entirel}^  without  physiological  effects. ^^^ 

The  amounts  of  these  nutrients  taken  up  by  crops  is  exceed- 
ingly small  in  proportion  to  the  size  of  the  plant  body.  But  in 
the  activities  of  the  protoplasm,  each  essential  nutrient  plays 
an  important  part,  and  a  soil  deficient  in  any  one  of  them  will 
be  unable  to  produce  crops  successfully.  The  addition  of  fertil- 
izers containing  compounds  of  nitrogen,  phosphorus,  and 
potassium  to  many  soils  greatly  increases  the  jaeld.  This  is 
also  true  of  sulphur  compounds  on  certain  soils.  The  other 
elements  are  usually  abundant. 

Removal  of  Nutrients  by  Crops  and  by  Leaching. — Different 
kinds  of  crops  remove  the  various  nutrients  in  different  amounts. 
For  example,  clover  absorbs  much  more  calcium  than  does  barley 
growing  beside  it,  and  barley  takes  up  many  times  as  much 
silicon  as  does  clover.  Likewise,  the  difference  in  the  amounts 
of  nitrogen,  potassium,  phosphorus,  and  calcium  compounds 
absorbed  by  a  crop  of  red  clover  and  by  one  of  corn  is  very 
striking.  These  differences  are  due  both  to  the  extent  and 
degree  of  branching  of  the  roots  and  to  variation  in  their  absorp- 
tive activity.  Wheat  production  is  greatly  promoted  by  the 
addition  of  nitrates  to  the  soil,  the  crop  often  being  retarded  in 
its  growth  in  early  spring  owing  to  a  too  limited  supply  of  this 
nutrient  because  of  low  temperature  and  consequent  low  bac- 
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terial  activity.  The  rotation  of  crops  is  held  to  derive  its  value 
partly  from  the  different  demands  made  by  different  crops 
upon  the  nutrient  supply  of  the  soil. 

Under  natural  conditions,  the  materials  removed  from  the  soil 
by  growing  vegetation  are  ultimately  returned  in  plant  remains 
and  animal  excretions.  Those  washed  down  into  the  subsoil 
are  often  brought  to  the  surface  again  through  absorption  by 
deeply  penetrating  roots.  Certain  soil  constituents,  such  as 
nitrogen  compounds  and  calcium  carbonate,  are  easily  leached 
out  and  large  amounts  lost  annually  in  drainage  water,  but  those 
of  potassium  and  phosphorus  are  almost  entirely  retained  in 
place  by  the  absorptive  action  of  the  soil  colloids.  Thus,  soils 
of  arid  and  semiarid  regions,  occupied  largely  by  grassland  or 
desert  vegetation,  are  potentially  richer  than  well-leached  soils 
in  more  humid  regions. 

Alkali  Soils. — In  arid  regions  where  drainage  is  very  slight, 
the  soil  salts  may  accumulate  to  such  a  degree,  especially  in 
lowlands,  that  they  are  distinctly  harmful  to  most  plants.  These 
accumulations  of  soluble  salts  are  termed  alkali.  Even  sodium 
nitrate,  an  important  constituent  of  fertihzers,  if  in  excess, 
produces  an  alkali  soil. 

Soil  alkali  is  harmful  to  plants  in  a  number  of  ways.  A  con- 
centrated soil  solution  may  delay  seed  germination  either  tem- 
porarily or  indefinitely  by  hindering  water  absorption.  If 
germination  is  successful,  a  later  concentration  of  salts  may 
cause  the  movement  of  water  from  the  root  hairs  to  the  soil. 
This  gives  rise  to  a  condition  of  plasmolysis;  absorption  is  inhib- 
ited and  wilting  and  death  may  result.  The  bark  of  plants  may 
be  corroded  at  the  soil  surface  by  alkali  salts,  especially  by  the 
carbonates,  concentrating  in  the  surface  soils  during  drought. 
In  this  way,  the  bark  on  plants  in  orchards  and  vineyards  may 
be  so  thoroughly  destroyed  that  the  passage  of  food  from  the 
leaves  to  the  roots  is  prevented.  Moreover,  alkali  carbonates 
may  affect  soil  structure  detrimentally,  at  least  to  most  plants, 
by  dissolving  out  the  humus  and  deflocculating  the  clay.  Many 
alkali  soils  are  underlaid  by  a  hardpan  produced  in  this  manner, 
which  is  impervious  to  both  water  and  root  penetration.  The 
most  satisfactory  method  of  correcting  soil  alkali  is  by  drainage. ^^ 

In  using  the  natural  vegetation  for  determining  the  possibilities 
of  alkali  lands  for  crop  production,  the  root  habits  of  the  native 
species  should  be  regularly  taken  into  account."^ 
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Acid  Soils. — In  huinid  regions,  the  soil  is  frequently  acid. 
The  causes  of  soil  acidity  are  complex,  but  in  general,  acidity 
is  due  to  the  absence  of  sufficient  calcium  and  magnesium  bases 
to  counteract  the  acids  of  whatever  origin.  The  decrease  in  the 
amount  of  bases  is  brought  about  by  the  continued  leaching  of 
these  soluble  compounds.  The  strength  of  an  acid  solution  is 
not  dependent  upon  the  total  quantity  of  acid  present  in  it  but 
rather  upon  the  number  of  hydrogen  ions  present  in  a  certain 
volume  of  the  solution,  i.e.,  on  the  hydrogen-ion  concentration. 
Consequently,  the  degree  of  soil  acidity  is  often  expressed  as 
hydrogen-ion  concentration  (Ph  values). ^^'^ 

An  acid  soil  solution  may  affect  plant  growth  by  checking 
the  work  of  nitrifying  bacteria  and  all  forms  of  nitrogen-fixing 
bacteria,  by  preventing  the  normal  decay  of  humus  and  pro- 
moting the  accumulation  of  resulting  toxic  organic  substances, 
as  well  as  by  limiting  the  availability  of  potassium  and  other  soil 
salts.  Furthermore,  plants  need  lime,  which  occurs  in  too  small 
amounts  in  acid  soils,  since  it  is  a  necessary  nutrient  and  also 
acts  as  a  neutralizing  and  precipitating  agent  within  the  cell 
sap.^^'' 

Acidity  in  soils  may  be  corrected  and  such  soils  made  more 
productive  to  some  crops  by  the  addition  of  some  form  of  lime. 
This  practice,  like  the  addition  of  manure  and  other  fertihzers, 
is  a  method  by  which  the  soil  solution  can  be  modified.  Tillage 
of  all  kinds  is  of  benefit  in  so  far  as  it  makes  the  soil  solution  and 
the  soil  environment  more  favorable  for  root  activities. 

THE  SOIL  WATER 

Cultivated  plants  obtain  their  entire  water  supply  from  the 
soil.  Water  is  important  to  the  plant  in  many  ways.  It  is  a 
component  of  protoplasm  and,  with  carbon  dioxide,  is  essential 
in  building  plant  foods.  It  usually  constitutes  70  to  90  per  cent 
of  the  weight  of  herbaceous  plants.  All  substances  which  enter 
plants  must  do  so  in  solution.  Water  is  the  great  solvent.  It 
serves  as  a  medium  of  transport  of  food  materials  and  foods  from 
place  to  place,  since  their  transport  can  take  place,  for  the  most 
part,  only  in  solution.  It  keeps  the  cells  turgid  or  stretched,  a 
condition  essential  for  their  normal  functioning.  It  also  serves  to 
prevent  excessive  heating  of  the  plant,  acting  as  a  buffer  in 
absorbing  the  heat  generated  by  the  multitudinous  chemical 
reactions  taking  place  in  the  plant.     A  large  quantity  of  heat 


16  ROOT  DEVELOPMENT  OF  FIELD  CHOPS 

energy  is  absorbed  when  liquid  water  is  transformed  into  the 
vapor  formed  during  transpiration.  In  corn,  a  transpiring  leaf 
is  uniformly  cooler  than  a  dead  one.  A  difference  of  8.5°F.  has 
been  found  in  the  sun  when  transpiration  was  high,  and  4.2°F.  at 
the  same  time  in  the  shade. ^^^  Thus,  it  is  clear  that  the  greatest 
sources  of  danger  which  the  plant  has  to  meet  are  insufficient 
absorption  and  excessive  transpiration. 

Relation  between  Precipitation  and  Water  Content. — Only  a 
very  general  relation  exists  between  the  amount  of  precipitation 
and  the  water  content  of  a  soil.  Frequently  during  light  showers, 
a  growing  crop  will  intercept  practically  all  of  the  rainfall  which 
evaporates  without  reaching  the  soil.  IMuch  precipitation  is 
thus  lost.  Even  during  heavier  rains,  20  per  cent  or  more  may 
be  intercepted.^^  Where  torrential  rains  occur,  especially  if  they 
fall  upon  close-textured  soils,  large  amounts  of  water  are  lost  by 
run-off  and  do  not  aid  in  replenishing  the  moisture  of  the  soil 
upon  which  they  fall.  This  phenomenon  is  very  pronounced  in 
the  Great  Plains  where  as  much  as  20  to  50  per  cent  of  a  rain 
may  be  lost  in  this  way.^*^  Not  only  is  the  water  lost  to  the  soil 
and  growing  crops,  but  in  hilly  lands,  much  damage  may  be 
done  by  the  erosion  of  the  surface  layers,  which  are  the  richest 
part  of  the  soil.  A  similar  precipitation  on  coarse  sandy  soil 
results  in  little  run-off. 

Under  hot,  arid,  and  semiarid  conditions,  the  drying  power  of 
the  air  is  so  great  that  additional  large  quantities  of  water  are 
quickly  lost  by  evaporation.  This  largely  accounts  for  the  fact, 
for  example,  that  wheat  can  be  profitably  grown  under  a  rainfall 
of  only  20  inches  in  North  Dakota,  but  in  Texas,  on  a  similar 
soil  with  an  equal  precipitation,  agriculture  is  confined  to  the 
most  drought- resistant  and  drought-enduring  crops.-'  IMuch 
of  the  water  that  enters  the  soil  and  is  not  lost  by  evaporation 
may  percolate  downward  so  readily  in  soils  of  coarse  texture 
that  it  gets  far  beyond  the  reach  of  the  roots  of  crops.  Hence, 
the  best  method  of  ascertaining  the  water  available  for  plant 
growth  is  to  determine  it  from  the  soil  directly. 

Kinds  of  Soil  Water. — After  a  heavy  rain  or  irrigation,  much 
of  the  water  drains  or  sinks  away  under  the  force  of  gravity. 
This  is  called  gravitational  water.  But  large  amounts  are  retained 
in  the  minute  spaces  between  the  fine  soil  particles,  as  films  sur- 
rounding the  particles,  and  by  absorption  by  the  soil  colloids. 
All  but  a  small  percentage  of  this  water  is  available  to  the  plant. 
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Even  air-dry  soil  contains  appreciable  amounts  of  water,  as  may 
be  shown  when,  by  heating  dust  in  a  closed  container,  drops  of 
water  are  deposited  on  the  lid.  The  relatively  small  amount  of 
water  absorbed  by  dry  soil  from  the  atmosphere  is  termed  the 
hygroscopic  water.  It  is  held  so  tenaciously  by  the  soil  colloids 
which  coat  the  rock  particles  that  it  is  unavailable  to  plants. 
The  hygroscopic  coefficient  is  a  term  used  to  designate  the  maxi- 
mum hygroscopic  water  that  a  soil  will  hold,  i.e.,  the  percentage 
of  water  absorbed  by  a  dry  soil  from  a  saturated  atmosphere. 
Since  it  is  unavailable  for  plant  growth,  it  is  usually  subtracted 
from  the  actual  water  content  of  the  soil  to  obtain  the  available 
water  content.  The  total  amount  of  water  that  is  held  against 
the  forces  of  gravity  and  capillarity  and  does  not  drain  through 
the  soil  is  termed  the  water-retaining  capacity.  It  is  expressed  in 
percentage  of  the  dry  weight  of  the  soil.  It  includes  the  hygro- 
scopic water  as  well  as  the  much  larger  quantity  which  the  soil 
holds  besides,  commonly  called  capillary  water.  The  amount  is 
very  different  in  different  soils;  a  coarse  sand  under  field  condi- 
tions may  retain  only  12  per  cent  of  its  dry  weight  of  water,  but  a 
silt  loam  may  retain  35  per  cent.  The  smaller  the  particles  of  a 
soil,  the  more  film  surface  it  will  present  for  the  retention  of  water. 
Likewise,  the  greater  the  proportion  of  colloidal  constituents, 
clay  and  humus,  the  more  water  there  will  be  held.  The  high 
absorptive  power  of  soil  colloids  for  water  is  due  to  the  extremely 
large  surface  exposed  by  matter  in  the  colloidal  state. 

Factors  Determining  Water-retaining  Power. — The  water- 
retaining  power  of  a  soil  is  determined  by  a  number  of  factors. 
Most  important  among  these  are  soil  texture  or  sizes  of  particles, 
soil  structure,  i.e.,  the  arrangement  and  compactness  of  the 
particles,  and  the  amount  of  organic  matter.  A  soil  with  many 
fine  particles  will  retain  more  water  than  a  coarse  soil,  and  a 
plowed  soil  in  good  tilth,  more  than  a  hard  compact  one.  Organic 
matter  has  a  high  absorptive  capacity  especially  when  well 
decayed. 

By  mechanical  analysis,  soil  particles  may  be  separated  into 
groups  according  to  their  diameters. 

Table  1  gives  the  mechanical  analyses  of  soils  at  several 
depths  from  eastern  Nebraska,  north  central  Kansas,  and  the 
short-grass  plains  in  Colorado.  These  are  of  especial  interest 
because  of  the  extensive  work  done  here  on  the  root  develop- 
ment of  both  native  and  cultivated  plants.     The  diameters  of 
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the  particles  vary  from  1  to  2  millimeters  in  fine  gravel,  from 
0.1  to  0.05  millimeter  in  very  fine  sand,  but  the  clay  particles  are 
only  0.005  millimeter  or  less  in  diameter. 

Table  1. — Mechanical  Analyses  of  Soils 
From  Lincoln,  Nebr. 


Depth  of 
sample. 

Coarse 
gravel, 

Fine 
gravel. 

Coarse 
sand. 

Medium 
sand. 

Fi  ne 
sand, 

Very 

fine 

sand, 

per  cent 

Silt, 
per 

Clay, 
per 

feet 

per  cent 

per  cent 

per  cent 

per  cent 

per  cent 

cent 

cent 

0.0-0.5 

0.0 

0.0 

0.3 

0.5 

1.6 

19.8 

48.6 

29.2 

0.5-1.0 

0.0 

0.0 

0.2 

0.6 

1.3 

16.7 

52.4 

28.8 

1-2 

0.0 

0.0 

0.1 

0.2 

0.8 

16.7 

55.6 

26.6 

2-3 

0.0 

0.0 

0.1 

0.1 

0.5 

19.0 

57.9 

22.3 

F 

rem  Phillip.sburg 

Kans. 

0.0-0  5 

0.0 

0.0 

0.3 

0.2 

1.2 

43.5 

35.8 

19.0 

0.5-1.0 

0.0 

0.0 

0.0 

0,2 

0.5 

44.4 

32.8 

22.1 

1-2 

0.0 

0.0 

0.0 

0.2 

0.3 

39.7 

34.0 

25.8 

2-3 

0.0 

0.0 

0.0 

0.3 

0.6 

41.2 

31.9 

26.0 

3-4 

0.0 

0.0 

0.0 

0.1 

0.2 

37.5 

31.4 

30.8 

From  Bu 

•lington, 

Colo. 

0  0-0.5 

0.0 

0.0 

0.0 

0.1 

2.6 

48.6 

33.4 

15.3 

0.5-1.0 

0.0 

0.0 

0.0 

0.1 

2.2 

49.1 

32.5 

16.1 

1-2 

0.0 

0.0 

0.0 

0.2 

1.9 

46.7 

32.0 

19.3 

2-3 

0.0 

0.0 

0.0 

0.1 

1.5 

45 . 5 

31.0 

21.9 

3-4 

0.0 

0.0 

0.0 

0.1 

0.9 

42 . 2 

34.2 

22.6 

The  chief  component  of  the  eastern  Nebraska  soil  is  silt,  and 
because  of  its  desirable  proportions  of  sand  and  clay,  and  good 
humus  content,  it  is  designated  as  a  silt  loam.  That  from 
Kansas  is  a  very  fine  sandy  loam,  the  very  fine  sand  predominat- 
ing at  all  depths.  As  in  the  preceding  soil,  the  other  constituents 
are  also  quite  uniform  throughout.  The  Colorado  soil  is  also  a 
very  fine  sandy  loam.  There  is  a  gradual  increase  in  the  amount 
of  clay  from  15  per  cent  in  the  surface  soil  to  23  per  cent  in  the 
fourth  foot  with  a  corresponding  decrease  in  the  amount  of  very 
fine  sand.  This  concentration  of  the  colloidal  clay  below  the 
second  and  third  foot  has  been  brought  about  by  the  light  pre- 
cipitation and  vigorous  root  absorption,  water  rarely  penetrating 
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beyond  a  depth  of  2  to  4  feet.  With  the  penetration  of  water 
year  after  year,  the  colloidal  clay  has  been  carried  down  and, 
upon  drying,  aided  by  calcium  carbonate  likewise  brought 
from  above,  has  profoundly  modified  the  soil  structure.  This 
soil  layer  is  cemented  into  a  "hardpan,"  8  to  24  inches  thick, 
which  is  very  different  from  the  soil  above  and  below.  The 
non-sandy  soils  of  the  Great  Plains  are  underlaid  with  a  hardpan 
or  carbonate  layer  which  greatly  influences  the  root  habits  of 
both  native  and  cultivated  plants.  ^^"^ 

All  these  fine-textured  soils  have  a  high  water-retaining  capac- 
ity, once  the  water  enters,  and  because  of  this  property,  under 
light  precipitation,  they  keep  the  water  near  the  surface  and 
promote  shallow-rooting  habits  among  crops.  Where  more 
sand  occurs,  greater  penetration  results,  plants  root  deeper,  and 
crop  production  is  more  certain  during  drought. "^'^  Where 
rainfall  increases  to  about  28  inches,  the  subsoil  is  constantly 
moist  to  great  depths. 

Water  Content  During  the  Growing  Season, — The  amounts  of 
water  in  these  several  soils  in  excess  of  the  hygroscopic  coefficient 
or  maximum  hygroscopic  water  during  a  growing  season  of 
rather  normal  precipitation  are  given  in  Table  2. 


Table  2. — Water  Content  in  Excess  of   HvciRoscopic   Coefficient, 

1920 


Date 


0-0.5, 

foot 


0..5-1, 
foot 


1-2, 

feet 


2-3, 

feet 


3-4, 

feet 


Lincoln,  Nebr. 


Apr.  10 

Apr.  21 

May    5 

June    9 

June  16 

June  23 

July   14 

July  28 

Aug.     5 

Aug.  12 

Aug.  19 

Aug.  31. 

Hygroscopic  coefficient 


17.6 

16.1 

14.1 

10.0 

17.5 

22.4 

20 . 3 

20.5 

19.1 

19.7 

18.7 

20.3 

5.9 

12.5 

14.  S 

15.6 

4.9 

7.1 

9.6 

22.0 

16.  S 

9.1 

13.2 

7.2 

3.9 

6.3 

2.5 

4.0 

5.4 

9.7 

8.7 

5.7 

4.8 

26.3 

7.7 

3.2 

Continu 

ed  heavy 

rains,  no 

samples 

'.) .  5 

8.7 

8.6 

7.1 

14.7 

11.6 

taken 
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Table  2. — ^Watkr  Content  in  Excess  of  Hvuriosnopic  Coefficient, 

1 920. — Continued 


0-0.5,   0.5  1,    1-2, 
foot     foot      feot 


2-3, 
feet 


3-4, 
feet 


Phillipsburg,  Kan. 


May  7 . 
June  2 . 
June  10. 
June  24 . 
July  1 . 
July  9. 
July  21. 
Aug.  4. 
Aug.  18. 
Aug.  26. 


Hygroscopic  coefficient . 


14.7 

15.3 

12.5 

14.7 

4.8 

6.6 

11.6 

11. S 

7.6 

9.7 

9.0 

6.6 

3.1 

5.0 

9.0 

1.9 

4.1 

2.8 

1.5 

2.8 

1.6 

-    1.4 

0.1 

-    0.2 

2.3 

0.7 

7.7 

-    0.3 

0.5 

12.6 

12.3 

5.4 

4.0 

4.1 

0.4 

2.0 

10.6 

10.6 

10.9 

10.6 

14.0 
13.0 


5.3 
3.5 


Burlington,  Colo. 


Apr.  15. 
June  3. 
June  12. 
June  25. 
July  2. 
July  8. 
July  20. 
Aug.  5 . 
Aug.  19. 
Aug.  24 . 


Hygroscopic  coeflBcient . 


16.7 
2.3 
1.8 
7.4 
1.6 
2.9 
•  0.7 
4.6 
3.1 
0.8 


10.9 


13.7 
.5. 2 
0.1 
2.5 
0.5 
1.3 

•  2.7 
2.7 
3.1 

■    2.1 


10.9 


11 


1 

7.3 
2.8 
1.8 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


12   2 


4.9 
6 . 9 


0.5 
0.0 


1.8 
2.9 


0.1 

0.1 


It  may  be  seen  that  at  Lincoln,  in  eastern  Nebraska,  sufficient 
water  was  available  at  all  depths  to  promote  good  growth.  At 
Phillipsburg,  in  north  central  Kansas,  the  soil  and  subsoil  were 
very  dry  during  July  and  parts  of  August;  but  at  Burlington,  in 
eastern  Colorado,  a  drought  occurred  in  June,  and  water  was 
very  scarce  thereafter.  The  effects  upon  plant  growth  were 
very  pronounced  (Fig.  4).^^ 

Amount  of  Water  Absorbed. — Plants  absorb  water  in  large 
amounts  but  lose  nearly  all  of  it  by  transpiration.  From  200 
to  over  800  pounds  of  water  are  required  to  produce  a  pound 
of  dry  matter  aboveground.'^  Thus,  a  single  corn  plant,  during 
its  period  of  growth,  may  absorb  35  to  50  gallons  of  water  from 
the  soil.^'^  More  is  required  from  very  dry  or  very  wet  soils 
and  from  poor  soils  than  from  rich  ones.     The  amount  actually 
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used  depends,  furthermore,  upon  the  dryness  of  the  air,  which 
exerts  a  marked  influence  upon  transpiration. 


Fig.  4. — White    Kherson    oats  grown  at  Burlington,  Colo,  (left),  Phillipsburg, 
Kan.  (center),  and  Lincoln,  Nebr.  (right)  during  1920  (c/.  Table  2). 

Absorption  of  Water. — It  has  already  been  pointed  out  that 
plants  cannot  absorb  all  of  the  water  from  a  soil.  The  reasons 
for  this  can  best  be  understood  after  recalling  the  principles 
governing  absorption.  Water  and  all  substances  dissolved  in  it, 
before  entering  the  plant,  must  pass  through  the  walls  of  the 
cells  of  the  root  epidermis,  many  of  which  are  elongated  into  root 
hairs,  and  also  through  the  layer  of  cytoplasm  which  lines  the 
cell  walls.  The  cell  wall  will  permit  the  soil  water  and  solutes  to 
enter  unhindered.  It  is  very  permeable.  But  the  cytoplasm  is 
only  partially  so,  or  semipermeable.  It  does  not  permit  the 
solutes  such  as  sugars,  organic  acids,  etc.,  dissolved  in  the  cell  sap 
to  pass  out.  Normally,  the  total  concentration  of  solutes  in 
the  cell  sap  is  greater  than  that  of  the  soil  solution.  Under 
this  condition,  the  water  moves  into  the  root  hairs  from  the 
soil  solution.     The  rate  of  this  inward  water  movement  depends 
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upon  the  concentrations  of  the  two  solutions,  decreasing  as  these 
become  more  nearly  equal.  But  the  greater  concentration  of 
the  cell  sap  in  the  root  hairs  is  maintained  by  the  constant 
removal  of  water  through  a  similar  process  of  osmosis  towards 
the  interior  of  the  root,  from  whence  it  ascends  to  the  shoot. 
Hence,  this  movement  of  water  tends  to  go  on  just  as  long  as  the 
concentration  within  is  greater  than  that  outside.  It  moves  in 
under  the  pulling  forces  of  osmosis  as  well  as  those  of  imbibition 
of  the  cell  wall  and  the  cytoplasm.  The  pectic  cell  walls  of  root 
hairs,  like  the  cytoplasm,  are  gelatin-like  or  colloidal  in  nature. 
They  have  a  great  water-absorbing  power  and  are  well  adapted 
to  remove  water  from  the  soil  particles  by  imbibition. 

When  the  soil  becomes  quite  dry,  water  is  absorbed  slowly, 
and  if  the  day  is  warm  and  the  transpiration  high,  the  plant  will 
partially  wilt.  Under  such  conditions,  corn  rolls  its  leaves. 
But  at  night,  when  transpiration  is  low,  even  this  slow  rate  of 
absorption  may  furnish  sufficient  water  to  permit  recovery  from 
wilting,  and  the  stem  and  leaves  may  again  become  turgid. 
If  the  soil  gets  still  drier,  a  point  will  be  reached  where  the  plant 
cannot  recover  even  in  a  saturated  atmosphere,  since  it  is  unable 
to  absorb  any  more  water  from  the  soil.  The  plant  is  per- 
manently wilted.  The  forces  of  absorption  are  in  equilibrium 
with  the  forces  of  capillarity  and  colloidal  imbibition  retaining  the 
water  in  the  soil.  Just  how  much  water  thus  unavailable  for 
growth  will  be  left  in  the  soil  depends  upon  the  composition  of  the 
latter  and  perhaps  also  upon  the  character  of  the  plant.  In 
coarse  sand,  a  plant  may  be  able  to  get  all  but  1  or  2  per  cent, 
while  in  clay,  15  per  cent  or  more  may  be  withheld.  Although  a 
great  deal  of  experimental  work  has  been  done  on  the  amounts  of 
water  left  in  soils  at  permanent  wilting,  further  study  is  needed. 
Contrary  to  common  opinion  neither  water  nor  nutrients  move 
great  distances  toward  absorbing  surfaces.  It  seems  clear  that 
crops  with  much-branched,  deeply  penetrating,  and  widely 
spreading  roots,  thus  coming  in  contact  with  a  large  soil  sur- 
face, would  have  a  decided  advantage  in  dry  habitats. 

Many  other  factors,  such  as  greater  density  of  cell  sap  or  the 
presence  of  cell  colloids  with  a  greater  hydration  capacity,  may 
make  some  plants  more  efficient  absorbers  than  others.  Under 
field  conditions,  it  appears,  as  already  stated,  that  the  amount  of 
water  unavailable  for  growth  approaches  the  hygroscopic 
coefficient. -2' -^ 
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Absorption  of  Nutrients. — As  regards  the  absorption  of  soil 
salts,  such  as  sodium  and  potassium  nitrate,  calcium  phosphate, 
potassium  chloride,  and  magnesium  carbonate,  they  can  enter 
the  plant  only  in  solution.  This  does  not  mean,  however,  that 
they  enter  at  the  same  rate  as  the  water.  Every  solute  moves 
into  the  plant  quite  independently  of  every  other  solute  and  of 
water.  Whether  or  not  it  will  be  absorbed,  assuming  that  the 
cytoplasm  will  permit  it  to  pass,  depends  upon  its  concentration 

within  the  cell  sap  compared  to  the  soil  solution.     Potassium 

+ 
nitrate,  or  more  strictly  speaking,  K  and  NO3  ions  will  be 
absorbed  rapidly,  provided  they  are  being  rapidly  removed  into 
the  tissues  or  elaborated  into  other  compounds.  At  the  same 
time,  another  salt  may  not  be  absorbed,  but  later,  both  may 
enter  at  an  equal  rate,  which  may  be  either  faster  or  slower 
than  that  of  the  water.  This  phenomenon  accounts  for  the  fact, 
previously  mentioned,  that  clover  absorbs  more  calcium  but  less 
silicon  than  does  barley. 

Thus,  absorption  is  affected  by  the  rate  of  transpiration,  the 
extent  of  the  root  system,  the  concentration  of  the  soil  solution, 
and  the  rate  of  movement  of  the  soil  water. 

SOIL  TEMPERATURE 

The  activities  of  plants  are  profoundly  affected  by  temperature 
and  are  practically  suspended  below  a  certain  point,  which  is 
about  40°F.  for  most  cultivated  crops.  The  temperature  of  the 
soil  affects  not  only  the  vegetative  development  of  plants  but  also 
the  germination  of  seeds  and  bacterial  and  chemical  activities  in 
the  soil,  as  well  as  growth  and  other  functions  of  roots.  . 

Relation  to  Activities  of  Higher  Plants. — The  rate  of  absorp- 
tion, as  with  all  the  physical  and  chemical  processes  taking 
place  within  the  roots,  is  decreased  by  a  lowering  of  the  soil 
temperature.  A  low  temperature  permits  only  a  slow  rate  of 
water  absorption.  Even  in  the  latitude  of  southern  Arizona,  the 
conditions  of  soil  temperature  for  most  favorable  water  absorp- 
tion do  not  prevail  in  winter,  and  the  effect  is  a  limitation  to  the 
development  of  both  root  and  shoot  of  winter  annuals.  ^^  This 
also  explains  the  damage  often  done  to  trees,  shrubs,  winter 
wheat,  and  other  plants  in  early  spring  by  warm  weather  and 
high  winds  when  the  soil  is  still  cold,  if  not  frozen.  Under  these 
conditions,  transpiration  exceeds  absorption.  Winterkilling  is 
perhaps  more  often  due  to  drying  than  to  freezing. 
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Favorable  soil  temperatures  promote  rapid  seed  germination 
and  seedling  establishment  and  are  necessary  for  vigorous  root 
growth.  The  warmer  the  soil  in  spring,  the  more  rapid  are 
germination  and  growth.  Plants  vary  a  great  deal  in  regard  to 
soil  temperature  requirements  for  germination.  This  is  shown 
in  Table  3,  where  crops  requiring  low,  medium,  and  high  soil 
temperatures  are  given. 

Table  3. — Temperatures  for  Germination'^^ 


Minimum, 

Optimum, 

Maximum, 

Crop 

degrees 

degrees 

degrees 

Fahrenheit 

Fahrenheit 

Fahrenheit 

Wheat 

40 

S4 

108 

Maize 

49 

93 

115 

Pumpkin 

52 

93 

115 

It  has  been  found  that  if  other  conditions  are  favorable, 
staple  crops  will  grow  when  the  temperature  of  the  soil  is  as  low  as 
40°F.  and  as  high  as  120°F.  The  most  favorable  temperature  for 
growth  is  between  65°  and  70°F.i^''  Roots  in  the  deeper  soils 
grow  vigorously  at  much  lower  temperatures.  This,  of  course, 
varies  with  the  species.  Certain  cacti  make  their  best  root 
growth  at  a  temperature  of  93°F.,  although  the  rate  of  growth  is 
also  correlated  with  the  length  the  root  has  already  attained.'* 
The  roots  of  many  native  and  cultivated  plants  grow  vigorously, 
especially  in  the  deeper  soils,  at  temperatures  much  lower  than 
65°F.  The  soil  temperatures  at  which  the  roots  of  oats,  wheat, 
and  barley,  described  in  later  chapters,  grew  in  1921  are  shown 
in  Table  4. 


Table  4. — Soil  Temperatures  in  Degrees  Fahrenheit 

192 

1 

April  28  to  30 

May  19  to  21 

■  June  9  to  10 

June  22 

June 
30 

DepDi 
in  feet 

1^ 

3 

P.        ■ 

—    c 

c 

0 

sic 
.S    6 

|3 

a     ■ 
1^ 

3 
X: 

—    a 

c 

0 
M 

1^ 

c     ■ 

O      c 

3 
ft      . 

~   c 

c 
o 

M 

"  "3 

1  i 

1-1 

ti 

3 

X 

ft 

=    n 
1^ 

c 

o 

6t 

■-  S. 

0  to  0.5 
O..")  to  1 

1  to  2 

2  to  3 

3  to  4 

59.7 
55.4 
53.6 
53.6 
51.4 

75.2 
73.5 
59.0 
57.2 
53.6 

53.6 
51.8 
50.9 
50.9 
50.0 

69.8 
66.2 
56.1 
55.6 
53.6 

68.0 
64.0 
61.5 
59.0 
56.3 

72.0 
59.0 
57.2 
54 . 3 
53 . 2 

72.5 
71.2 
68.4 
65.5 
64.0 

70.5 
68.4 
65.8 
63.0 
60.8 

67.6 
65.8 
62.2 
60.4 
50 . 0 

70.2 
70.0 
68.2 
65.8 
63.3 

73.8 
73.3 
70.7 
70.2 
68 . 9 

84.6 
79.0 
75.0 
71.2 
68.0 
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It  has  been  found  in  the  case  of  peas  in  water  cultures  that,  if 
insolation  is  not  excessive,  the  amount  of  daily  fluctuation  of  root 
temperature  within  a  range  of  40°F.  (44°F.  to  84 °F.)  affects 
growth  but  little.  But  where  root  temperatures  are  high,  a  slight 
decrease  in  insolation  may  promote  better  growth  of  shoots. ^'^ 

That  root  growth  occurs  in  certain  native  species  at  tempera- 
tures so  low  as  to  be  distinctly  unfavorable  for  other  species  has 
been  fully  demonstrated.  The  shallow-root  habit  of  certain 
desert  plants  is  thought  to  result  from  subsoil  temperatures  too 
low  to  promote  root  growth.  The  general  distribution  of  many 
cacti  seems  closely  related  to  the  response  of  the  roots  to  the 
temperature  of  the  soil,  although  the  effect  of  aeration  is  also  a 
contributing  factor. ^^'^^'^^ 

Root  systems  superficially  placed  are  subject  to  maximum 
temperature  changes  quite  unlike  those  experienced  by  more 
deeply  seated  ones.  That  soil  temperatures  have  an  influence  on 
general  plant  growth  is  shown  by  the  florists  who  resort  to  bottom 
heat  for  certain  plants.  Cuttings  often  require  definite  soil 
temperatures  for  rooting.  In  some  cases,  considerable  vegetative 
growth  can  be  produced,  despite  unfavorable  atmospheric 
conditions,  by  maintaining  a  soil  temperature  favorable  for 
root  development.^^ 

Relation  to  Soil  Organisms  and  Soil  Reactions. — Many 
desirable  biological  and  chemical  soil  reactions  are  retarded  or 
stopped  by  unfavorable  soil  temperatures.  Most  soil  bacteria  do 
not  become  active  until  temperatures  of  45°  to  50°F.  are  attained. 
Temperatures  of  65°  to  70°F.,  which  afford  good  root  growth,  also 
promote  such  changes  as  the  decomposition  of  organic  matter 
with  the  production  of  ammonia  and  the  formation  of  nitrate 
nitrogen.  Likewise,  the  fixation  of  atmospheric  nitrogen  depends 
upon  similar  favorable  temperatures. 

The  rapidity  of  rock  weathering  in  the  tropics  illustrates 
the  fact  that  chemical  changes  in  the  soil  are  greatly  accelerated 
by  high  temperatures.  Temperature  also  exerts  a  marked 
effect  upon  such  physical  changes  as  rate  of  percolation,  evapora- 
tion, diffusion  of  gases,  vapors,  and  salts  in  solution.  The 
aspirating  effect  brought  about  by  a  small  change  in  soil  tempera- 
ture is  often  so  marked  as  to  result  in  thorough  renewal  of  the 
oxygen  supply  of  the  soil  to  a  depth  of  several  inches. 

Factors  Affecting  Soil  Temperature. — Among  the  factors  that 
directly  affect  soil  temperature  are  the  color,  texture,  structure, 
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water  content,  and  amount  of  humus  in  the  soil  and  the  slope 
of  the  soil  surface  with  respect  to  the  sun,  as  well  as  the  presence 
or  absence  of  a  cover  of  vegetation.  Of  all  these  factors,  water 
content  is  the  most  important  for  the  reason  that  water  has  a 
specific  heat  about  five  times  greater  than  that  of  the  solid  con- 
stituents of  soil.^^  This  explains  why  wet  soils  are  colder  in 
spring  than  drier  ones  and  why  a  heavy  rain  in  summer  lowers  the 
temperature  of  the  soil.  Fluctuations  in  soil  temperature,  like 
those  in  moisture,  are  much  slower  and  less  marked  than  those 
of  the  air.  Roots  have  a  far  more  constant  environment  than 
shoots.  The  surface  soil  layers  vary  more  or  less  with  the  air 
temperature  and,  therefore,  exhibit  greater  fluctuations  than  the 
subsoil.  Daily  fluctuations  are  not  marked,  even  in  dry  soils, 
except  in  the  surface  layers.  As  shown  in  Table  5,  however, 
seasonal  variations  of  temperature  are  considerable  even  in  the 
deeper  soil. 

T.^LE  5. — Average  Temperature  in  Degrees  Fahrenheit  at  Lincoln, 
Nebr.,   1891-19021" 


Season 


Air 


Depth  in  inches 


3      I       6 


12 


24  36 


Winter.  . 
Spring.  . 
Summer 
Autumn 


25.9 

28.8 

28.8 

29.5 

32.2 

36.3 

49.9 

54.8 

53.6 

51.7 

48.5 

45.7 

73.8 

82.0 

80.9 

79.1 

73.8 

69.0 

53.9 

56.4 

57.6 

57.1 

57.2 

59.3 

39.1 
44.3 
66.2 
60.3 


The  most  important  factor  in  the  control  of  soil  temperature 
is  the  maintenance  of  an  optimum  moisture  supply.  This  can  be 
promoted  by  drainage  or  irrigation,  by  proper  methods  of 
tillage  to  produce  a  good  soil  structure,  and  by  maintaining 
sufficient  organic  matter  in  the  soil. 

Relation  to  Disease  in  Plants. — Aside  from  its  direct  and 
indirect  influences  upon  root  growth,  the  soil  temperature  has  a 
marked  effect  upon  the  development  of  disease-producing 
organisms.     These  may  greatly  limit  successful  crop  production. 

Frequently,  the  influence  of  environmental  factors  on  the  host 
seems  to  be  the  fundamental  cause  of  susceptibility  to  disease."^ 
Proper  soil  and  other  conditions  for  a  vigorous  development  of 
root  and  shoot  are  desirable.     Corn  and  wheat  seedlings,  for 
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example,  are  sheathed  at  the  outset  with  protective  coverings 
through  which  invasions  of  soil  organisms  may  rather  easily 
take  place.  But  in  normally  balanced  seedhng  development,  the 
cell  membranes  of  the  protective  coverings  pass  quickly  to  a 
condition  of  maturity.  Because  of  chemical  changes  in  the  cell 
walls,  the  tissues  which  were  subject  to  invasion  change  rapidly 
so  that  they  become  relatively  resistant.  Soil  and  air  tempera- 
tures which  promote  this  normal  balanced  seedling  development 
vary  with  the  crop.  In  wheat,  for  example,  they  are  low,  but  in 
corn,  much  higher. "^'^^•^'' 

It  has  been  clearly  demonstrated  that  many  soil-borne  diseases 
are  conditioned  in  their  occurrence  upon  the  factor  of  soil  tem- 
perature. Cabbage  yellows, ''''■"^•i^*  flax  wilt,^''^'^''^  tomato 
wilt,^^  and  tobacco  root  rot  lo^iog  are  examples  of  diseases  caused 
by  soil-inhabiting  fungi  gaining  entrance  to  the  host  plant 
through  the  root  system.  In  each  case,  the  disease  has  been 
experimentally  developed  in  destructiveness  ranging  consistently 
from  0  to  100  per  cent  of  the  crop  by  changing  the  single  factor 
of  soil  temperature.  The  temperature  ranges  employed  were 
well  within  those  reasonably  congenial  to  the  respective  hosts.  ^^^ 
For  example,  flax  wilt,  which,  like  the  wilt  of  cabbage  and 
tomato,  is  favored  by  a  high  temperature,  gives  extreme  develop- 
ment of  disease  at  24°  to  28°C.  but  none  above  38°C.  or  below 
J40Q  115  Conversely,  tobacco  root-rot  development  is  favored 
by  lower  soil  temperatures,  the  most  favorable  range  being 
between  17°  and  23°C.io« 

The  regional  distribution  of  a  plant  disease  is  sometimes  deter- 
mined by  temperature.  The  presence  of  onion  smut,  for  example, 
is  dependent  upon  the  soil  temperature  during  the  seedling  stage 
of  the  growth  of  the  host.  Infection  and  development  of  smut 
are  favored  by  relatively  low  temperatures  and  inhibited  by  high 
ones,  with  29 °C.  as  approximately  the  critical  point.  Hence, 
although  common  in  the  North,  it  is  almost  unknown  in  the 
South. 21^  It  has  been  found  in  the  Pacific  Northwest  that  soil 
temperatures  of  0°  to  5°C.  are  decidedly  unfavorable  to  successful 
infection  of  wheat  by  stinking  smut.  This  holds,  also,  for 
temperatures  higher  than  22°C.,  while  15°  to  22°C.  are  optimum 
for  its  development.  Wheat  growers  in  this  region,  where  smut 
produces  heavy  losses  after  infecting  the  crop  in  the  early  seedling 
stage,  have  found  that  "by  sowing  their  winter  wheat  either  very 
early  (warm  soil)  or  very  late  (cold  soil),  they  can  reduce  the  loss 
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from  smut  to  an  almost  negligible  percentage. "^^^  Of  course, 
this  is  only  one  factor  affecting  the  yield  of  wheat,  and  the  time 
of  seeding  should  not  be  entirely  controlled  by  it. 

These  examples,  which  might  be  greatly  multiplied,  illustrate 
the  importance  of  soil  temperature  as  indirectly  influencing  crop 
production.  Other  soil  factors,  such  as  water  content,  aeration, 
available  plant-food  material,  acidity,  and  toxicity,  are  often 
of  great  importance,  and  their  effects,  like  those  of  temperature, 
exercise  a  strong  influence  upon  the  development  and  expression 
of  disease.^* 

THE  SOIL  AIR 

The  pore  spaces  of  a  soil  are  filled  with  air  and  water.  After  a 
heavy  rain  or  irrigation  has  filled  the  soil  interspaces  with  water 
and  forced  the  air  out,  a  fresh  supply  enters  as  the  gravitational 
water  sinks  away.  Soil  has  a  very  porous  structure.  In  fact, 
only  about  one-half  of  its  bulk  is  solid  matter.  Many  cultivated 
plants  thrive  best  in  a  soil  which  contains  approximately  only 
40  to  50  per  cent  of  its  maximum  water-retaining  capacity. 
The  rest  of  the  interspace,  about  20  per  cent  of  the  volume  of  a 
soil  in  good  tilth,  is  filled  with  air.  Dry  soils  contain  much  more 
air.  Frequently,  cultivated  soils,  during  periods  of  drought,  are 
too  loose  and  dry  for  proper  root  development,  and  the  plant  is 
thus  deprived  of  nutrients  which  the  soil  contains.  Conversely, 
water-logged  soils  have  no  air  except  that  dissolved  in  the  water, 
but  certain  plants  grow  well  even  under  this  condition.  The  pore 
space  increases  with  fineness  of  texture,  degree  of  granulation, 
and  abundance  of  organic  matter.  Thus,  the  total  pore  space 
of  a  sandy  soil  may  be  only  30  per  cent  of  its  volume,  that  of  a 
loamy  clay  45  per  cent,  but  a  heavy  clay  may  have  over  50  per 
cent.  Soil  in  good  tilth  is  filled  with  air  spaces  which  are  more 
or  less  continuous  from  the  surface  to  the  subsoil.  Cracks, 
burrows,  and  spaces  left  by  decayed  roots,  as  well  as  the  removal 
of  water  by  absorption,  promote  gaseous  exchange  among  the 
different  soil  horizons.  There  seems  to  be  a  slow  but  constant 
movement  of  the  soil  atmosphere,  brought  about  chiefly  by  dif- 
ferences in  water  content  and  temperature  changes,  and  to  a  less 
degree  by  diffusion  and  fluctuations  in  atmospheric  pressure. 

Composition  of  the  Soil  Atmosphere. — Because  of  its  proximity 
to  roots  and  microorganisms,  both  of  which  constantly  give  off 
carbon  dioxide  and  absorb  oxygen,  soil  air  is  very  different  in 
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composition  from  the  ordinary  atmosphere.  It  often  contains 
much  more  carbon  dioxide,  0.2  to  5  per  cent,  or  even  more  depend- 
ing upon  depth,  amount  of  organic  matter  including  manure, 
abundance  of  roots,  etc.  Moreover,  the  proportion  of  oxygen  is 
less,  and  moisture  content  much  greater  and  more  constant  than 
in  the  air  aboveground.  Thus,  the  soil  air  is  not  static  but,  like 
the  soil  itself,  constantly  undergoing  change.*^ 

Soil  air  is  either  in  direct  contact  with  roots  and  microorganisms 
or  separated  from  them  only  by  a  thin  film  of  water  or  colloidal 
matter.  Within  these  films,  the  oxygen  supply  is  very  limited 
and  the  carbon  dioxide  content  very  high,  as  much  as  99  per  cent 
having  been  found. ^^^  The  significance  of  highly  acidulated 
water  in  bringing  nutrients  into  solution  has  already  been 
discussed. 

The  role  of  oxygen  in  the  process  of  breaking  down  insoluble 
minerals  into  a  soluble  form  and  the  consequent  enriching  of  the 
soil  solution  has  already  been  pointed  out.  This  gas  is  no  less 
important  in  the  transforming  of  plant  and  animal  remains  into  a 
condition  where  their  nutrient  materials  become  soluble  and 
may  be  absorbed  by  plants.  Biochemical  oxidation  proceeds 
rapidly,  when  conditions  are  favorable,  and  much  oxygen  is 
incorporated  in  the  compounds  produced. 

Relation  to  Root  Growth  and  Other  Biological  Activities. — 
Oxygen  is  also  necessary  for  the  germination  of  seeds,  root 
growth,  root-hair  development,  and  absorption  by  roots.  With- 
out it,  nitrification  would  stop,  and  earthworms  and  most  other 
soil  organisms  would  cease  their  activities.  A  few  microorgan- 
isms could  get  their  oxygen  supply  anaerobically  by  breaking 
down  valuable  compounds,  such  as  nitrates,  and  would  thus 
decrease  the  soil  productivity. 

Even  roots  can  carry  on  respiration  for  a  time  without  free 
oxygen,  i.e.,  anaerobically.  Since  the  anaerobic  respiration  of 
plant  roots,  bacteria,  molds,  etc.,  gives  rise  to  organic  acids, 
alcohol,  and  other  toxic  substances,  aeration  is  fundamentally 
connected  with  the  production  of  soil  toxins.*'* 

The  dependence  of  root  development  of  most  plants  upon 
aeration  is  clearly  shown  by  water-logging  the  soil.  In  a  few 
days,  the  usual  cultivated  plants  turn  yellow,  show  wilting,  and 
may  ultimately  die.  But  they  may  survive  submergence  for 
weeks,  provided  the  water  is  kept  well  aerated.  ^^  Even  cran- 
berries and  blueberries,  which  will  stand  submergence  for  months 
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when  inactive,  are  harmed  by  water-logging  the  soil  only  3  or  4 
days  in  summer/^  Rice,  too,  gives  a  better  growth  when  the  soil 
is  frequently  irrigated  and  drained. ^^'^^ 

In  nutrient  solutions,  plants  grow  best  where  constant  and 
thorough  aeration  is  given.  The  superiority  of  roots  grown  in 
aerated  cultures  is  shown  not  only  by  their  greater  weight  but 
also  by  their  greater  extent  and  degree  of  branching.  *  The  living 
parts  of  bog  plants  are  superficially  placed  either  because  they 
assume  a  horizontal  position  above  the  water  level,  the  taproot  if 
present  being  ephemeral  and  replaced  by  horizontal  laterals,  or 
because  the  roots,  if  all  vertical,  die  at  the  water  surface.^*  In 
plants  like  cattails,  bulrushes,  tall  marsh  grass,  etc.,  whose  roots 
may  be  submerged  for  long  periods,  special  anatomical  adapta- 
tions promote  gaseous  exchange. 

Exclusion  of  oxygen  from  the  roots  of  most  plants  interferes 
with  the  respiration  of  the  protoplasm  of  the  root  cells,  resulting 
in  its  death  and  the  consequent  failure  of  the  roots  to  function  as 
absorbers  for  the  plant.  The  cessation  of  water  intake  is  soon 
followed  by  the  progressively  decreasing  turgor  of  the  shoot  and 
leaves  and  finally  bj^  wilting  and  death.  ^^^  Different  roots 
respond  somewhat  differently  to  variations  in  the  composition 
of  the  soil  atmosphere.  Roots  of  the  mesquite  (Prosopis)  con- 
tinue growth  for  a  considerable  period  of  time  in  a  soil  atmosphere 
containing  only  2.67  per  cent  oxygen,  while  those  of  a  cactus 
(Opuntia)  promptly  cease  growing. ^■*'^^  An  increased  air  supply 
to  the  roots  of  certain  species  favors  root  branching  and  probably 
accelerates  root  growth. ■''^■■■'^ 

Plants  growing  naturally  in  well-drained  soils  are  much  more 
sensitive  to  the  composition  of  the  soil  atmosphere  than  those  in 
poorly  drained  and  poorly  aerated  habitats.  Certain  deeply 
rooted  species  like  alfalfa  are  able  to  grow  in  an  atmosphere  con- 
taining only  2  per  cent  oxygen. ^^  It  seems  probable  that  one  of 
the  beneficial  effects  of  good  rains,  especially  in  heavy  soils,  is 
the  increased  oxygen  supply  to  the  roots,  for  rain  water,  although 
displacing  the  soil  gases,  is  a  solution  highly  charged  with  oxygen 
and  has  a  markedly  stimulating  effect  upon  growth.  ^^* 

Orchard  trees  have  been  known  to  die  as  a  result  of  the  "pud- 
dling" of  the  soil  and  resulting  deficient  aeration.  Also,  trees  are 
sometimes  killed  by  cattle  tramping  and  packing  the  ground 
about  them  to  such  a  degree  that  the  air  supply  to  the  roots  is 
largely  cut  off.^^^     In  heavy  soils,  such  large  quantities  of  carbon 
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dioxide  may  be  given  off  by  a  sod  of  grass  roots  growing  under 
fruit  trees  that  the  trees  and  fruits  do  not  develop  normally.^' 
It  has  been  demonstrated  experimentally  that  many  plants 
respond  to  an  increased  carbon  dioxide  content  of  soil  by  develop- 
ing roots  which  are  much  shallower  and  more  widely  spreading 
in  the  surface  soil.  It  is  believed  that  carbon  dioxide  content  of 
garden  soils  is  sometimes  so  high  as  to  be  detrimental  to  the 
root  development  of  some  common  garden  species. '*^'^'*^ 

A  deep,  well-prepared  seed  bed  is  essential  for  good  aeration, 
especially  in  humid  regions.  It  not  only  promotes  plant  growth 
directly  by  hghtening  and  warming  the  soil  and  conserving 
moisture,  but  also  indirectly  by  promoting  various  biological 
activities,  especially  ammonification  and  nitrification.  The 
preparation  of  a  good  seed  bed,  as  against  no  seed  bed,  resulted  in 
an  increase  in  the  yield  of  corn  of  14.5  bushels  per  acre  in  Illi- 
nois. ^^^  When  soil  is  plowed,  the  bottom  of  the  furrow  slice 
comes  into  direct  contact  with  the  aboveground  atmosphere, 
and  aeration  in  the  furrow  slice  itself  is  greatly  increased.  Listing 
has  less  effect  upon  soil  aeration  and  is  not  practiced  in  heavy 
soils  of  humid  regions.  The  effects  of  irrigation  in  changing  the 
soil  atmosphere  have  already  been  mentioned.  Underdraining 
has  a  very  beneficial  effect,  since  large  quantities  of  air  move 
into  the  interspaces  formerly  occupied  by  water.  This  has  a 
pronounced  effect  upon  both  the  chemical  and  biological  activities 
taking  place  in  the  soil,  as  well  as  upon  root  growth. 

SUMMARY 

The  soil  exerts  such  a  marked  effect  upon  the  form,  distribu- 
tion, and  activities  of  roots  that  a  knowledge  of  it  is  necessary 
for  an  understanding  of  root  behavior  and  the  resultant  effect 
upon  crop  production.  By  slow  physical,  chemical,  and  biolog- 
ical processes  acting  through  the  ages,  the  outer  crust  of  the 
earth's  surface  has  been  transformed  from  rock  to  soil.  These 
same  slow  soil-forming  processes  are  still  actively  at  work  main- 
taining the  soil  in  a  condition  of  tilth  and  productivity.  The 
texture  of  the  soil  resulting  from  the  differences  in  the  sizes  of  the 
soil  particles,  its  structure  which  depends  upon  the  arrangement 
of  these  particles,  the  amount  of  humus,  and  the  activities  of 
the  organisms  which  the  soil  supports,  all  exert  a  marked  effect 
upon  the  nutrients,  water  content,  and  air  content,  as  well  as 
upon  the  temperature  of  the  soil.     All  these  affect  root  behavior 
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and  crop  yield.  A  knowledge  of  the  physical  and  chemical 
relations  of  the  soil  particles  is  necessary  for  an  understanding  of 
the  interrelation  between  soil  and  roots  and  for  proper  soil 
management.  Biological  activities  in  the  soil  result  in  the  decay 
of  plant  and  animal  debris,  thus  liberating  for  use  vast  quan- 
tities of  food  materials.  The  inert  nitrogen  of  the  atmosphere  is 
also  made  available  to  plants  through  the  work  of  soil  organisms. 
These  and  many  other  chemical  changes,  especially  of  the  mineral 
soil  constituents,  provide  the  nutrients  of  the  soil  solution. 
Although  very  dilute,  this  solution  is  usually  of  a  suitable  concen- 
tration and  contains  the  nutrients  in  the  proper  proportion  for 
plant  growth.  They  are  removed  by  root  absorption  and  by 
leaching.  Under  poor  management  soils  may  become  depleted. 
Water  content  is  an  important  and  often  limiting  factor  in  crop 
production.  The  optimum  moisture  of  a  soil,  which  leaves  suffi- 
cient interspaces  for  aeration,  is  generally  near  the  optimum 
condition  for  root  activities  and  plant  growth.  Such  a  water 
content  affords  very  favorable  conditions  for  the  activities  of 
the  soil  flora  and  fauna.  The  large  quantities  of  water  absorbed 
and  transpired  by  plants  bear  httle  relation  to  the  absorption 
and  use  of  soil  nutrients.  Every  solute  enters  the  plant  accord- 
ing to  physical  laws  of  diffusion  and  quite  independently  of 
any  other  solute  or  of  water.  Absorption,  root  growth,  and 
many  chemical  and  physical  soil  processes  are  retarded  by  low 
temperatures  and  many  soil-borne,  disease-producing  organisms 
are  conditioned  in  their  growth  by  the  temperature  of  the  soil. 
The  volume  and  movement  of  soil  air  is  determined  largely  by 
the  water  content.  As  a  result  of  the  respiration  of  roots  and  soil 
organisms  and  other  oxidative  processes,  soil  air  contains  less 
oxygen  than  the  ordinary  atmosphere.  Aeration  exerts  a 
marked  effect  upon  many  soil  processes  and  biological  activities, 
including  root  growth.  This  complex,  highly  organized  mixture 
of  disintegrated  and  decomposed  rocks,  humus,  water,  air, 
dissolved  substances,  and  microorganisms  is  the  environment  in 
which  roots  grow  and  from  which  they  absorb  the  water  and 
nutrients  necessary  for  crop  production. 


CHAPTER  II 

HOW  ROOTS  ARE  BUILT  TO  PERFORM  THEIR  WORK 

In  the  preceding  chapter,  the  complex  environment  in  which 
roots  grow  and  carry  on  their  several  activities  has  been  dis- 
cussed. Now,  the  structure  of  roots  will  be  examined  somewhat 
in  detail  as  well  as  their  adaptation  to  live  in  the  soil  and  to  absorb 
the  water  and  nutrients  necessary  for  plant  growth, 

FUNCTIONS,  ORIGIN,  AND  KINDS  OF  ROOTS 

The  roots  of  cultivated  plants  are  underground  parts  that 
spread  widely  through  the  soil  and  absorb  water  and  mineral 
matter  which  they  conduct  to  the  stems  and  leaves.  They  also 
give  firm  anchorage  to  the  stem.  In  addition,  they  frequently 
accumulate  reserve  foods  and,  in  some  plants,  serve  as  organs  of 
reproduction. 

When  a  seed  germinates,  the  'primary  root  develops  at  the 
lower  end  of  the  tiny  stem  of  the  embryo  plant.  Very  soon, 
lateral  roots  begin  to  appear  which,  with  their  branches,  greatly 
increase  the  absorbing  area  and  anchoring  power  of  the  root. 
Many  cereals,  such  as  wheat,  oats,  and  corn,  usually  have  three 
roots  arising  from  the  seed  (seminal  roots),  i.e.,  the  primary  root 
and  two  almost  equally  large  laterals.  These  with  their  branches 
(sometunes  supplemented  bj^  other  primary  roots)  constitute 
the  -primary  root  system.  The  remaining  portion  of  the  root 
system  arises  from  the  nodes  or  joints  of  the  stem  in  the  soil. 
Frequently,  as  in  the  brace  or  prop  roots  of  corn,  they  grow  from 
nodes  above  the  soil  surface.  They  are  unbranched  aboveground 
and  are  covered  with  a  gummy  substance  which  prevents  drying 
out,  but  upon  entering  the  soil,  they  branch  and  rebranch  quite 
like  other  roots.  Roots  not  arising  from  the  seed  or  as  branches 
of  seed  roots  but  from  stems  or  leaves  are  called  adventitious.  In 
the  case  of  the  cereals  and  other  grasses  which  have  strong, 
threadlike  or  fibrous  roots,  the  larger  part  of  the  root  sj^stem  is 
composed  of  the  adventitious  roots  which  collectively  make  up 
the  secondary  root  system.     It  is  worthy  of  note  that  the  roots  of 
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the  secondary  system  originate  only  about  an  inch  below  the  soil 

surface,,  even  if  the  grain  is  planted  2  to  3  inches  deep  (Fig.  5). 

A  very  different  type  of  root  system  is  found  in  such  plants  as 

clover,   sugar   beet,   sunflower,    and   alfalfa.     The   germinating 


Fig.  5. — White  Kherson  oat  plant,  showing 
the  primary  and  secondary  root  systems. 


Fig.  6. — Alfalfa  seedling, 
illustrating  the  taproot 
system. 


seed  develops  the  primary  root,  which  pushes  straight  downward 
and  is  usually  branched  throughout  its  entire  extent.  Thus, 
the  root  system  of  such  plants  as  beets  and  sunflowers  consists 
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of  one  main  root,  the  taproot,  with  its  many  branches.  There  is 
no  secondary  root  system  of  adventitious  roots  as  among  the 
cereals  (Fig.  6).  In  the  case  of  certain  clovers  which  propagate 
by  runners,  the  roots  of  the  new  plants  arising  from  these  are 
entirely  adventitious. 

STRUCTURE 

Internally,  the  roots  of  all  cultivated  plants  are  built  on  the 
same  general  plan  and  differ  from  one  another  only  in  detail. 
Although  the  growing  root  ends  are 
usually  only  about  a  millimeter  in 
diameter,  they  show  a  wonderful  dif- 
ferentiation and  are  remarkably  adap- 
ted to  perform  their  several  func- 
tions (Fig.  7). 

Zone  of  Division. — Examination 
under  the  microscope  of  a  thin  section 
cut  longitudinally  through  the  end 
of  a  root  shows  that  in  the  growing 
tip,  the  units  of  structure,  the  cells, 
are  very  much  alike.  They  are  very 
minute  in  size,  quite  cubical  in  shape, 
very  thin  walled,  and  filled  with  the 
living  substance  called  protoplasm. 
These  groups  of  cells,  which  are  found 
in  all  growing  points,  produce  new 
cells  by  division.  Indeed,  it  is  for 
this  reason  that  the  tissue  is  called 
merisiem  (Greek,  to  divide).  The 
very  tip  end  of  the  root  which  they 
form  is  called  the  zone  of  division 
(Fig.  8). 

Zone  of  Elongation. — A  short  dis- 
tance behind  the  root  tip,  usually 
only  a  millimeter  or  two,  the  cells 
cease  dividing  and  greatly  increase 
in  size.  Although  they  grow  shghtly 
in  all  three  dimensions,  the  principal 
direction   of   enlargement  is  parallel 

with  the  axis  of  the  root.     Hence,  the  formerly  cubical  cells 
(square  in  longisection)  now  appear  rectangular  in  shape.     The 
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Fig.  7. — Enlarged  view  of 
the  end  of  a  root,  showing  root 
cap,  region  of  elongation,  and 
root  hairs.  {After  Transeau, 
General  Botany,  The  World  Book 
Company.) 
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Fig.  8. — Longisection  of  a  root  of  corn,  showing  root  cap  and  zone  of  division, 
zone  of  elongation,  and  zone  of  maturation.  A  single  meristem  cell  and  a  single 
parenchyma  cell  are  greatly  enlarged. 
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elongation  of  these  cells  is  so  marked  and  takes  place  so  rapidly 
that  the  portion  of  the  root  which  they  make  up,  just  back  of  the 
zone  of  division,  is  called  the  zo7ie  of  elongation.  Close  examina- 
tion shows  that  the  cell  walls  are  slightly  thicker  than  before, 
that  the  protoplasm  no  longer  fills  the  cell  but  is  usually  confined 
to  a  thin  layer  lining  the  several  walls,  and  that  the  center  of  the 
cell  is  filled  with  a  tiny  droplet  of  cell  sap,  i.e.,  water  and  sub- 
stances dissolved  or  dispersed  therein.  The  tissue  which  these 
soft,  watery  cells  compose  is  called  parenchyma. 

The  Root  Cap. — It  is  obvious  that  the  elongation  of  the  paren- 
chyma cells  pushes  the  root  tip  further  into  the  soil.  The  delicate 
meristematic  cells  of  which  it  is  composed  are  protected  from 
actual  contact  with  the  soil  by  means  of  the  root  cap,  the  calyptra. 
This  covering  of  cells,  of  which  the  outermost  ones  are  dead, 
envelops  and  protects  the  growing  tip  very  much  as  a  thimble 
protects  the  finger.  It  extends  back  over  the  root  for  a  distance 
usually  of  about  a  millimeter.  The  calyptra  arises  from  the 
lowermost  cells  of  the  growing  point.  As  the  root-cap  cells 
mature,  they  become  parenchyma  and  are  constantly  pushed  out 
by  the  addition  of  new  cells  from  within.  Those  on  the  outside 
next  to  the  soil  are  more  or  less  flattened  by  pressure  from  within 
and  slough  off  as  they  rub  against  soil  particles  when  the  root 
grows  deeper.  These  cells,  by  their  slimy  nature,  lubricate  the 
tip.  But  throughout  the  life  of  the  root,  even  if  it  penetrates 
many  feet  into  the  soil,  the  root  cap  is  so  constantly  renewed  by 
new  cells  from  within  that  the  delicate  tip  is  actually  pushed 
through  the  soil  without,  as  it  were,  coming  in  contact  with  it. 
It  should  be  kept  clearly  in  mind  that  the  zone  of  elongation  is 
very  close  to  the  root  end  and  that  only  about  a  millimeter  or 
less  of  the  root  is  pushed  ahead.  This  explains  why  roots  can 
penetrate  even  into  stiff  clay  soils  without  buckling  as  would 
inevitably  be  the  case  were  the  zone  of  elongation  further  from 
the  tip.  Moreover,  the  root  is  not  forced  through  the  soil  as  one 
might  push  down  a  steel  wire,  but  its  direction  of  growth  is 
determined  by  responses  to  several  stimuli. 

Gravity  is  the  main  stimulus  in  directing  the  downward  course 
of  the  primary  root.  But  it  also  responds  to  the  stimulus  of 
contact  with  solid  bodies  and  may  deviate  from  its  course  in 
passing  around  large  soil  particles  or  through  compacted  soils. 
Differences  in  the  amount  of  moisture  also  induce  curvatures, 
the   roots   being  attracted   towards  moist  soil   areas.     Similar 
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positive  responses  are  shown  by  growth  towards  more  favorable 
oxygen  suppHes.  Under  such  influences,  the  root  tip  pursues  a 
general  downward  course  through  the  soil,  its  slight  movement 
from  side  to  side  aiding  it  in  penetrating  the  firm  substratum. 
The  force  developed  by  a  growing  root  is  surprisingly  great. 
Careful  measurements  show  that  it  is  frequently  100  pounds  or 
more  to  the  square  inch. 

Zone  of  Maturity:  Origin,  Arrangement,  and  Functions  of 
Mature  Tissues. — Turning  attention  again  to  the  portion 
designated  as  the  zone  of  elongation,  the  beginnings  of  three 
regions  soon  become  very  distinct.  The  outermost  layer  of 
cells  which  envelops  the  cylindrical  root  is  rapidly  differentiated 
into  an  epidermis.  The  central  core  of  tissue  which  will  form 
the  stele  is  already  distinguishable  from  the  cylindrical  mass  of 
cells  (the  formative  cortex)  which  surrounds  it  and  fills  in 
between  the  stele  and  the  epidermis.  This  ensheathing  mass  of 
cells  becomes  the  cortex.  In  this  partly  differentiated  state, 
these  regions  of  developing  cells  of  different  sizes  and  shapes  are 
called  technically  the  derynatogen  (Greek,  skin  producing), 
plerome  (Greek,  that  which  fills  in),  and  pcriblem  (Greek,  to 
clothe),  respectively. 

Following  elongation  and  enlargement,  the  cells  gradually 
mature,  some  groups  specializing  as  absorbers  of  water  and 
nutrients,  others  as  carriers  of  water  or  food.  Some  store  food, 
others  add  tensile  strength  for  anchorage,  while  a  few  retain  their 
capacity  for  further  growth.  The  development  of  these  various 
tissues  in  order  properly  to  carry  on  their  activities  is  very  inter- 
esting. Their  position  in  the  root  is  best  seen  in  cross-section 
(Fig.  9),  although  the  longisectional  view  is  quite  essential  for 
an  understanding  of  their  development  (Fig.  8).  Such  sections 
beyond  the  zone  of  elongation  and  in  the  zone  of  maturation  and 
maturity  show  that  many  of  the  epidermal  cells  have  developed 
root  hairs.  These  cylindrical,  protoplasmic-lined  protuber- 
ances, about  2  to  8  millimeters  in  length,  arise  by  the  outward 
extension  and  growth  of  the  outer  walls  of  some  of  the  epidermal 
cells.  Their  presence  may  increase  many  fold  the  absorbing 
surface  of  the  root,  i.e.,  the  part  in  contact  with  soil. 

Just  beneath  the  epidermis  is  the  outermost  layer  of  the  cortex. 
One  of  its  functions  is  the  replacement  of  the  epidermis  when  it 
is  destroyed.  The  somewhat  cylindrical  cells  of  the  cortex  (more 
or  less  circular  in  cross-section)  have  arisen  from  rows  of  elongated 
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cells,  which,  turgid  with  cell  sap,  have  pulled  apart  at  the  corners 
after  a  splitting  of  the  central,  rather  gelatinous  lamella  of  the 
three-layered  wall.  The  spaces  between  the  cells,  designated  as 
intercellular  spaces,  furnish  an  excellent  aerating  system,  w^hich 
is  very  necessary  since  all  living  cells  need  means  of  securing  oxy- 
gen and  of  disposing  of  the  waste  carbon  dioxide  arising  through 
respiration.  Water  and  solutes  absorbed  by  the  root  hairs  and 
other  portions  of  the  epidermis  must  pass  through  these  cells  on 
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Fig.  9. — Diagrammatic  cross-section  of  a  young  dicotyledonous  root  through  the 

root-hair  zone. 


their  way  to  the  main  highways  of  sap  movement,  the  tubes  in 
the  stele. 

In  the  central  cylinder  or  stele,  longitudinal  rows  of  paren- 
chyma cells  develop  into  tubes,  first,  by  dissolving  of  their  end 
walls  (a  phenomenon  due  to  digestive  enzymes) ;  then  by  a 
strengthening  of  the  remaining  walls  by  the  addition  of  wooden 
(hgnified)  rings  and  spirals  within;  and  finally  by  the  death  of  the 
protoplasm.     The  function  of  these  tubes  is  clearly  indicated 
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by  the  fact  that  they  arise  within  the  stele  at  the  same  place 
along  the  root  where  the  root  hairs  develop  from  the  epider- 
mis without.  Of  course,  they  are  continuous  with  similar  tubes 
in  the  stems  and  leaves.  Very  large  tubes  are  soon  produced 
which  have  their  inner  walls  partially  thickened  with  a  woody 
network  or  completely  thickened  and  lignified  except  for  small 
pits  which  permit  the  exit  of  water  necessary  to  supply  living 
tissues  along  these  highways  to  the  leaves.  Other  conducting 
elements,  consisting  usually  of  single,  elongated,  and  variously 
pitted  cells  called  tracheids,  may  occur.  The  arrangement  of 
the  ringed,  spiral,  etc.,  tracheary  tubes  (so  called  because  of  their 
resemblance  to  tracheae  in  higher  animals)  in  radii  directed 
towards  the  center  of  the  root  is  characteristic  and,  as  will  be 
seen,  very  significant.  As  a  rule,  these  strands  meet  at  the 
center  of  the  root,  especially  in  dicotyledonous  plants. 

Occupying  a  portion  of  the  area  between  the  radiating  tra- 
cheary tubes  are  groups  of  food-conducting  cells  which  transport 
elaborated  foods,  such  as  proteins,  etc.,  from  the  aboveground 
parts  downward.  These,  too,  have  been  formed  from  rows  of 
elongated  parenchyma  cells  but  with  less  modification.  In  some, 
the  end  walls  have  been  dissolved,  but  only  in  places,  giving  the 
thickened  partition  between  cells  somewhat  the  appearance  of  a 
sieve;  hence,  the  name  sieve  tissue.  Protoplasm  seems  essential 
for  food  conduction,  and  the  sieve  cells,  which  form  long  unin- 
terrupted food  highways  from  the  leaves  to  the  roots,  contain 
living  protoplasm.  Much  of  this  food  diffuses  downward  to  feed 
the  vigorously  growing  (dividing  and  elongating)  cells  below. 
Some  food,  however,  is  transported  across  the  cortex  to  the 
epidermis  and  root  hairs,  but  nearly  always  a  part  is  stored  in 
the  cortical  cells.  Hence,  the  prominent  activities  of  the  cortex 
are  transport  and  storage. 

Bast  fibers  usually  accompany  the  elongated  parenchyma  cells 
and  sieve  tubes,  and  occupy  a  position  just  outside  of  them  in  the 
stele.  They  are  much  elongated  cells  with  very  thick  walls  and 
small  cavities  and,  when  fully  grown,  are  destitute  of  protoplasm. 
Like  tracheary  tubes,  they  function  better  dead  than  alive. 
The  pointed  ends  of  the  cells  are  firmly  dovetailed  together,  and 
the  bast  fibers  and  wooden  vessels  add  much  pulling  or  tensile 
strength.  It  should  be  recalled  that  roots  are  exposed  only  to 
pulling  strains  in  resistance  to  which  the  arrangement  of  the 
tough  tissues  in  the  center,  like  the  solid  cable,  is  best. 
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The  arrangement  of  the  tracheary  tubes  or  wood  {xylem)  and 
sieve  and  bast  fibers  (or  -phloem)  in  separate  groups  prevents  a 
mixing  of  the  stream  of  water  and  inorganic  salts,  diffusing 
inward  and  upward,  with  the  stream  of  food  materials  carried 
downward  in  the  phloem.  In  fact,  the  mature  endodermis,  which 
is  the  innermost  layer  of  the  cortex,  is  characterized,  at  least  in 
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Fig.   10. — Longisection  of  a  root,  showing  the  origin  of  a  lateral.     The  formative 
regions  are  labeled  according  to  mature  regions  into  which  they  develop. 


many  plants,  by  the  presence  of  a  layer  of  cork  or  suberin  which 
is  usually  deposited  all  over  the  inner  surface  of  the  cells.  This 
wall  layer  renders  the  endodermis  relatively  very  impermeable  to 
both  water  and  solutes,  except  through  certain  unsuberized  cells 
which  lie  opposite  the  rays  of  xylem  strands.  ^^^  Through  these 
passage  cells,  the  water  and  solutes  enter  directly  into  the  tra- 
cheary tubes. 
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Origin  and  Development  of  Lateral  Roots. 
Entirely  surrounding  the  stele  and  forming 
its  outermost  portion  are  one  or  more  layers 
of  cells,  the  pericycle;  which  cells  have  the 
power  of  division.  It  is  from  this  layer  that 
lateral  roots  nearly  always  take  their  origin. 
By  means  of  repeated  division  and  growth  of 
these  cells,  a  mass  of  cells  or  a  tissue  is  formed 
in  which  a  growing  point  and  root  cap  are 
soon  differentiated  (Figs.  10,  11).  The  inner- 
most layer  of  the  cortex,  the  endodermis  or 
starch  sheath,  adjoining  the  pericycle  on  the 
outside,  helps  furnish  food  for  the  actively 
growing  rootlet  which,  by  the  secretion  of 
digestive  enzymes,  dissolves  the  tissue  of  the 
cortex  and  emerges  into  the  soil.  The 
laterals  burst  through  the  cortical  tissue  and 
appear  in  a  definite  number  of  rows  corre- 
sponding to  the  number  of  groups  of  woody 
vessels  first  formed,  opposite  which  they  origi- 
nate. Thus,  the  number  of  rows  of  branches 
in  a  sugar  beet  is  two,  and  in  a  pea,  ordi- 
narily four.  Their  position  favors  the  direct 
transfer  of  water  to  the  conducting  tissues 
of  the  main  root. 

Structurally,  the  lateral  roots  are  like  the 
main  root  from  which  they  arise.  Some  of 
the  sieve  tubes  of  the  old  root  connect  directly 
with  those  of  the  laterals,  and  water  and 
solutes  absorbed  by  the  laterals  are  trans- 
ferred through  tracheary  tubes  which  join 
directly  the  main  upward  xylem  strands. 
Lateral  roots,  of  course,  do  not  emerge  into 
the  soil  until  elongation  has  ceased  in  that 
part  of  the  main  root  in  which  they  arise. 
Otherwise,  they  would  be  torn  off. 

Root  branches  arise  very  irregularly,  unlike 
of^the  whUe^Tupine  ^^^ms  and  leaves,  for  there  is  no  division  of 
{Lupinusaibus)  ma.de     roots  into  nodes  or  joints  and  internodes  as 

semitransparent     by 

placing  it  for  several  hours  in  a  weak  aqueous  solution  of  potassium  hydroxide. 
Note  the  lateral  roots  of  different  ages.  {After  Gager,  FundamentaU  of  Botany, 
P.  Blakiston's  Son  &  Co.) 
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occurs  in  stems.  Lateral  roots  begin  to  appear  only  a  few  days 
after  germination.  Their  direction  of  growth  is  frequently  at  a 
more  or  less  definite  angle  with  the  main  root.  That  their  posi- 
tion is  influenced  to  a  considerable  degree  by  the  main  root  may 
be  shown  by  the  removal  of  the  tip  of  the  latter  when  one  or  more 
of  the  side  roots  curve  downward  and  pursue  the  course  usually 
taken  by  the  main  root.  Branches  from  the  laterals  extend  out 
in  all  directions,  quite  as  frequently  towards  the  soil  surface  as 
away  from  it.  Thus,  the  soil  comes  to  be  more  thoroughly 
occupied. 

ROOT  HAIRS  AND  FACTORS  AFFECTING  THEIR  DEVELOPMENT 

Root  hairs  are  of  such  importance  in  absorption  that  they 
warrant  further  consideration. ^^^  All  of  the  materials  that  enter 
the  plant  from  the  soil  must  first  pass  through  the  walls  of 
the  root  hairs  or  other  epidermal  cells  as  well  as  the  layer  of  cyto- 
plasm lining  them.  Although  they  are  so  small  that  it  often 
requires  70  or  more  laid  side 
by  side  to  equal  a  millimeter, 
they  occur  in  such  great  num- 
bers (frequently  200  to  300 
per  square  millimeter  of  epi- 
dermal area)  that  they  greatly  Fig.  12.— Tip  of  a  root  hair  with  adher- 
,,         ,  ,  •  J.  ing  particles  of  soil,  enlarged  about  240 

mcrease  the  absorbmg  surface.  ^^-^^^^  (Redrawn  after  Strasburger  et  al, 
For    example,    in    the    case    of     A    Textbook    of   Botany,    The   Macmillan 

corn,  it  has  been  calculated      o'^v'^'^y- 

that  the  increase  is  5.5  times  that  of  a  hairless  root  of  similar 
area;  in  garden  peas,  12.4  times,  and  in  certain  other  plants,  as 
much  as  18  times.  ^^"^ 

Root  hairs  grow  usually  at  right  angles  to  the  root  and  extend 
out  through  the  moist  air  of  the  soil  interspaces  until  they  strike 
solid  particles.  Here,  they  spread  over  these  particles  and 
frequently  more  or  less  completely  surround  them  (Fig.  12). 
The  outer  lamella  of  the  root-hair  wall  is  composed  of  pectic 
materials  which  become  mucilaginous.  The  intimate  contact  of 
root  hairs  with  the  water  and  solutes  that  form  a  film  around  the 
soil  particles  is  due  to  the  presence  of  mucilaginous  materiaP"^ 
which,  in  some  plants,  has  been  shown  to  be  pectin  mucilage ;^^^ 
hence,  the  high  efficiency  of  the  root  hairs  as  absorbing  organs. 
In  fact,  the  delicate  root  hairs  are  so  tender  and  so  firmly  attached 
to  soil  particles  that  it  is  practically  impossible  to  remove  the 
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roots  from  the  soil  without  injuring  or  tearing  off  many  of  them. 
Only  a  few  seconds  exposure  to  dry  air  causes  them  to  wither 
and  die.  This  explains  why  transplanted  plants  frequently 
wilt.     They  revive  usually  only  after  new  root  hairs  are  formed. 

Root  hairs  do  not  cover  the  entire  root  system  but  are  limited  to 
the  younger  portions,  except  the  zones  of  division  and  elonga- 
tion. The  root-hair  zone  appears  as  if  covered  with  a  white  fuzzy 
coating  and,  though  often  only  a  few  millimeters  long,  may  extend 
through  distances  of  many  inches,  especially  on  rapidly  growing 
plants  in  moist  soil.  The  life  of  root  hairs  is  frequently  short. 
They  may  function  for  only  a  few  days,  but  often  they  remain 
active  for  several  weeks  and  in  certain  plants  for  more  than  a 
year. 22 8. 136  jj^  q^^  experiment,  nearly  all  of  the  roots  of  corn 
plants  in  the  eighth-leaf  stage  were  found  to  retain  root  hairs, 
which  were  apparently  functioning,  over  most  of  their  area.  On 
the  roots  of  winter  wheat,  the  piliferous  zone  may  extend  for  2 
feet  along  the  roots  of  the  primary  root  system,  if  soil  conditions 
are  very  favorable  for  their  development. 

As  roots  grow  longer,  new  hairs  are  constantly  formed  just  back 
of  the  zone  of  elongation  (where  they  will  not  be  torn  off  by 
growth),  while  the  older  hairs  at  the  upper  end  of  this  zone  die 
and  slough  off.  Thus,  the  root-hair  zone  advances  as  the  roots 
grow  further  into  the  soil.  This  so-called  migration  of  the  root- 
hair  zone  constantly  brings  new  root  hairs  into  contact  with  new 
soil  particles.  In  this  way,  fresh  stores  of  water  and  solutes  are 
constantly  being  made  available  to  the  growing  plant,  whose 
roots  like  the  tops,  continue  growth  until  the  crop  is  mature. 
Moreover,  it  is  an  advantage  to  the  plant  because  these  new 
soil  regions  are  free  from  deleterious  substances  which  may 
accumulate  in  the  region  of  the  old  root  hairs.  Materials  from 
dead  root  hairs,  old  root-cap  cells,  or  organic  substances  washed 
into  the  soils  by  rains,  may  become  altered  by  the  action  of 
microorganisms  so  as  to  produce  poisons. 

The  amount  of  water  and  air  in  the  soil  has  a  marked  effect 
upon  the  development  of  root  hairs.  The  roots  of  cultivated 
crops  usually  produce  few  root  hairs  in  wet  soil.  In  moderately 
moist  soil  corn  roots  are  almost  woolly  with  root  hairs,  but  there 
are  fewer  in  wet  soil,  and  usually  none  in  water.  The  same  gen- 
eral relations  hold  for  most  cultivated  plants,  although  there  are 
some  exceptions.  Wet  soils  contain  less  air  than  dry  ones 
and  a  good  oxygen  supply  seems  necessary  to  promote  abundant 
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development  of  root  hairs,  at  least  in  many  species.  Most  cul- 
tivated plants  require  a  well-aerated  soil.  Indeed,  one  of  the 
chief  advantages  of  stirring  the  soil  is  to  admit  air  to  the  roots. 
In  cultivated  plants,  so  long  as  they  do  not  wilt,  it  has  been 
observed  that  the  most  abundant  production  of  root  hairs  takes 
place  at  a  water  content  somewhat  less  than  that  which  will  afford 
the  highest  yield.  Of  course,  if  soils  become  very  dry,  both  root 
hairs  and  young  rootlets  die.  Root-hair  development  may  also 
be  retarded  by  a  very  concentrated  soil  solution  such  as  occurs 
in  alkali  soils.  Extremes  of  temperature  are  also  inimical  to  their 
growth. ^"^  They  develop  in  the  light  and  dark  about  equally 
well,  provided  there  is  ample  moisture.  The  great  importance 
of  roots  hairs  may  be  realized  when  it  is  found  that  absorption  is 
practically  limited  to  the  root-hair  zone. 

LOSS    OF    ABSORBING    POWER    AND    SECONDARY  THICKENING 

IN  ROOTS 

Back  of  the  piliferous  zone,  when  the  root  hairs  die,  the  external 
cortical  cells  may  become  suberized  or  corky ;  i.e.,  the  cell  walls  are 
infiltrated  with  fatty,  waterproof  substances,  and  the  root, 
while  continuing  its  work  of  conduction,  ceases  to  absorb.  In 
the  roots  of  long-lived  cultivated  plants,  like  clover  and  alfalfa, 
growth  in  diameter  is  brought  about  by  the  formation  of  a  cylin- 
der of  meristem  tissue,  the  cambium.  Certain  of  the  cells  lying 
adjacent  to  the  xylem  and  phloem  strands,  including  those  of 
the  pericycle  lying  just  outside  the  xylem,  begin  to  divide. 
Although,  at  first,  the  cambium  as  viewed  in  cross-section  is 
not  circular,  it  soon  takes  on  the  circular  form  (Fig.  13). 
New  (secondary)  xylem  elements  (tracheary  tubes,  tracheids, 
wood  fibers,  and  wood  parenchyma)  arise  from  the  inside  of  the 
cambium  opposite  the  phloem  strands.  At  the  same  time, 
new  (secondary)  phloem  elements  (sieve  tubes,  bast  fibers,  and 
parenchyma)  are  formed  just  inside  the  old  phloem.  This 
results  in  a  circle  of  fibrovascular  bundles  each  separated  into 
xylem  (inner)  and  phloem  (outer)  portions  by  a  layer  of  meristem. 
This  cambium  also  cuts  across  the  rows  of  parenchyma  cells 
(meduUary  or  pith  rays)  which  have  been  formed  opposite  the 
old  xylem  strands  and  thus  completes  the  cylinder.  New  wood 
(xylem)  and  new  bark  (phloem)  are  added  each  year. 

While  these  changes  are  taking  place  in  the  stele  and  before 
the  epidermis  is  stretched  to  the  breaking  point  by  this  increase 
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Fig.  13. — Diagrams  showing  stages  in  the  secondary  increase  in  thickness 
of  a  root:  A,  before  the  appearance  of  cambium;  B,  the  formation  of  the  cambium 
ring;  C  and  D,  stages  in  the  development  and  growth  of  secondary  phloem  and 
xylem.  Secondary  increase  in  thickness  due  to  the  acti\dty  of  phellogen  is  not 
shown.  {Reprinted  by  permission,  from  A  Textbook  of  Botany  by  Holman  and 
Bobbins,  published  by  John  Wiley  and  Sans,  Inc.) 
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of  cells  within,  certain  cells  of  the  pericycle  undergo  repeated 
division,  and  thus  another  cambium  is  formed.  This  cambium, 
which  lies  outside  the  one  passing  through  the  bundles,  gives 
rise  towards  the  outside  to  cork  cells,  i.e.,  layer  after  layer  of 
brick-shaped  cells  with  walls  infiltrated  with  fatty  substances 
called  suberin.  For  this  reason,  it  is  called  cork  cambium  or 
phellogen.  All  of  the  tissues  outside  the  pericycle  are  thus 
deprived  of  water  and  food  and  soon  die.  A  secondary  cortex 
is  produced,  however,  just  within  the  phellogen,  as  a  result  of  its 
repeated  division.  The  bark  of  old  roots,  as  in  stems,  includes 
all  the  tissues  outside  the  cambium  which  lies  between  the 
phloem  and  xylem. 

In  fleshy  roots,  such  as  those  of  the  beet,  the  several  rings  or 
bands  are  due  to  the  origin  and  growth  of  several  vascular  (not 
cork)  cambium  cyhnders  arising,  one  after  another,  outside 
the  original  cambium.  The  number  varies  with  the  length  of  the 
growing  season.  These  cambium  rings  give  rise  to  narrow  bands 
of  tissue  which  contain  small  amounts  of  both  xylem  and  phloem 
elements,  and  large  amounts  of  parenchyma  tissue  in  which 
quantities  of  food  and  water  are  stored.  Other  familiar  examples 
of  fleshy  roots  are  turnips,  sweet  potatoes,  carrots,  parsnips,  and 
radishes.  Reserves  of  food  and  water  are  very  advantageous  to 
plants  during  periods  of  drought. 

Thus,  it  comes  about  that  only  the  less  conspicuous  and 
younger  portions  of  the  root  system  are  really  active  in  absorp- 
tion. The  older  parts  have  the  walls  of  their  exterior  cells  more 
or  less  thoroughly  waterproofed  and  their  functions  are  almost 
entirely  those  of  anchorage,  transport,  and  storage. 

RATE  OF  GROWTH  AND  EXTENT  OF  ROOT  AREAS 

The  rapidity  of  root  grov/th  is  quite  as  remarkable  as  root 
extent.  In  many  of  our  common  grasses,  the  rate  of  root 
elongation  is  over  half  an  inch  per  day  (Fig.  14).  Roots  of  the 
primary  system  of  winter  wheat  have  been  found  to  grow  at  a 
similar  average  rate  over  a  period  of  70  days  (Fig.  15).  The 
widely  spreading  roots  of  potatoes,  when  they  begin  their  vertical 
descent,  may  elongate  at  the  rate  of  1  inch  a  day  for  a  period  of 
2  weeks  or  more.  When  the  main  vertical  roots  of  corn  begin  to 
develop,  they  sometimes  penetrate  downward,  under  excep- 
tionally favorable  conditions,  at  the  remarkable  rate  of  2  to  2.5 
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inches  per  day  during  a  period  of  3  or  4  weeks.     A  similar  growth 
rate  has  been  determined  for  the  horizontal  roots  of  squash. 

The  great  extent  of  roots  in  relation  to  aboveground  parts  is 
often    very   striking.     For    example,    a    honey    locust   seedling 


Fig.  14. — Root  develop- 
ment of  tall  marsh  grass 
(Spartina  michauxiana)  at 
the  age  of  11  weeks. 


Fig.  15. — Diagram  showing  the  rate  of 
growth  of  the  primary  root  system  of  win- 
ter wheat  {cf.  Fig.  70) . 


(Gleditsia  triacanthos) ,  13  weeks  after  seed  germination,  although 
reaching  a  height  of  only  9  inches,  produced  a  very  widely 
spreading  root  system  that  extended  well  into  the  fourth  foot  of 
soil  (Fig.  16).  Maize  has  a  wonderfully  developed  root  system 
which  occupies  rather  thoroughly  over  200  cubic  feet  of  soil. 
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Fig.    16. — Honey  locust  (Gledilsia  triacanthos)  seedling  about  ;J  months  old. 
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Many  data  are  available  on  the  ratio  of  dry  weight  of  roots  to 
tops,  but  they  are  difficult  to  interpret,  since  the  roots  are  nearly 
always  much  more  finely  divided  than  are  the  above-ground  parts 
and,  consequenth'-,  have  a  greater  surface.  Moreover,  in  terms 
of  function,  the  larger,  thicker,  and  heavier  roots  are  least  signifi- 
cant, and  the  delicate  branchlets,  too  often  lost  in  such  determi- 
nations, are  of  greatest  importance,  although  adding  little  in 
weight.  In  the  case  of  corn,  for  example,  the  dry  weight  of  the 
roots  is  only  7  to  8  per  cent  of  the  dry  weight  of  the  tops.^^® 
Undoubtedly,  the  main  fibrous  roots  make  up  the  larger  portion 
of  the  root  weight.  But,  as  is  shown  below  they  constitute  only 
about  1 1  per  cent  of  the  entire  absorbing  area.  These  differences 
are  even  more  striking  in  the  case  of  plants  with  thick  taproots, 
like  red  clover  or  alfalfa.  Similar  objections  hold  true  in 
stating  root  extent  in  terms  of  length. 

Unquestionably,  the  best  method  of  comparison  is  that  of 
absorbing  area,  but  because  of  the  difficulty  of  recovering  the 
root  system  from  the  soil  in  its  entirety  and  the  onerous  task  of 
measuring  the  length  and  diameter  of  all  its  parts,  few  data  are 
available.  Corn  grown  for  5  weeks  in  rich  loess  soil  with  a  nearly 
optimum  water  content  produced  19  main  roots  with  1,462 
branches  of  the  first  order.  Upon  these,  there  were  3,221 
branches  of  the  second  and  third  order,  only  three  of  the  second- 
ary branches  being  furnished  with  laterals.  The  main  roots 
made  up  only  1 1  per  cent  of  the  total  absorbing  area,  which  was 
1,183  square  centimeters;  75  per  cent  of  the  area  was  furnished 
by  the  primary  laterals  and  the  remaining  14  per  cent  by  the 
branches  from  these.  Plants  of  similar  age  and  approximately 
the  same  size  (eighth-leaf  stage)  grown  in  a  moist  sandy  loam  had 
23  main  roots  which  furnished  10  per  cent  of  the  2,262  square 
centimeters  of  area.  The  1,795  laterals  of  the  first  order  made  ^ 
up  45  per  cent,  and  the  8,427  laterals  of  the  second  order  (no 
further  branching  occurring),  the  remaining  45  per  cent  of  the 
absorbing  surface. 

In  the  example  just  cited,  the  main  roots  of  corn  constituted 
only  4  or  5  per  cent  of  the  total  length;  the  prmiary  branches, 
47  to  67  per  cent,  depending  upon  the  conditions  under  which 
the  plants  were  grown;  and  the  finer  secondary  and  tertiary 
laterals,  which  are  very  difficult  to  recover,  from  29  to  48  per  cent 
of  the  total.  Two-months-old  alfalfa  plants,  grown  in  a  rich, 
rather   wet,   silt   loam,    had   a   root   area   of   85  square  centi- 
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meters,  which  was  15  per  cent  less  than  that  of  the  tops.  The 
taproot  furnished  21  per  cent  of  this  area,  the  primary  branches 
41  per  cent,  the  secondary  branches  35  per  cent,  and  the  ter- 
tiary branches  the  remaining  3  per  cent.  These  measurements, 
which  do  not  include  the  increased  area  due  to  root  hairs,  give  a 
fair  idea  of  the  great  importance  of  the  finer  branches  in  securing 
water  and  nutrients  utilized  in  crop  growth. 

SUMMARY 

Roots  have  a  form  and  structure  remarkably  adapted  to 
perform  their  functions  of  anchorage;  and  of  absorption,  conduc- 
tion, and  storage  of  water,  nutrients,  and  elaborated  foods.  As 
regards  origin,  the  primary  root,  developing  from  the  lower  end 
of  the  stem  of  the  embryo,  with  its  branches,  may  constitute 
the  entire  root  system,  as  in  beets  and  many  other  dicotyledons. 
But  in  monocotyledons,  like  the  cereals,  as  well  as  in  certain  other 
plants,  this  primary  root  system  is  supplemented  by  a  secondary 
one  which  consists  of  branches  arising  adventitiously  from  the 
basal  nodes  of  the  stem.  An  examination  of  root  structure  shows 
that  each  part  or  tissue  has  its  special  activities  to  perform.  The 
growing  tip  of  meristem  in  the  zone  of  division  continually 
produces  new  cells.  These  enlarge,  chiefly  in  one  direction,  just 
back  of  the  tip  in  the  zone  of  elongation,  and  push  the  growing 
tip,  protected  and  lubricated  by  the  root  cap,  into  the  soil  with 
great  force.  Its  pathway  is,  in  the  main,  determined  by  gravity 
but  is  also  affected  by  water,  air,  and  other  stimuli.  The 
maturing  root  shows  three  well-defined  regions:  epidermis,  cor- 
tex, and  stele  or  central  cylinder.  The  permeable  epidermis, 
with  surface  greatly  increased  by  root  hairs,  absorbs  water  and 
nutrients.  The  abundance  of  root  hairs  varies  greatly  with 
water  content  and  air  supply;  there  are  few  or  none  in  very  wet 
soil.  The  cortex  is  chiefly  active  in  lateral  transport  of  water 
and  nutrients  and  in  food  storage.  The  tracheary  tubes  of  the 
stele  conduct  absorbed  materials  upward  to  the  green  stems  and 
leaves  where  they,  with  carbon  dioxide  from  the  air,  are  made  into 
plant  foods.  These  foods,  in  a  soluble  form,  are  transported 
downward  along  the  phloem  (sieve  tubes,  parenchyma)  highways 
and  nourish  the  growing  root.  CJroups  of  bast  fibers  furnish 
flexibility  and  tensile  strength,  the  former  undoubtedly  being 
increased  by  the  rather  spongy  parenchyma  tissue  of  the  cortex. 
The  pericycle  gives  rise  to  buds  which  develop  into  lateral  roots 
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having  a  structure  identical  with  that  of  the  parent,  and  in  these, 
the  process  of  branching  is  again  repeated.  The  roots  and 
branches  extend  rapidly  in  all  directions,  filling  many  cubic  feet 
of  soil.  They  are  so  numerous  that  their  combined  area  often 
exceeds  that  of  the  shoot.  Since  the  epidermis  of  older  roots 
sloughs  off  as  layers  of  cork  are  formed  within,  absorption  is 
confined  to  the  younger  parts.  By  the  formation  of  a  cambium, 
the  power  of  continued  annual  growth  is  provided  in  many  long- 
lived  plants. 


CHAPTER  III 

ROOT  HABITS  IN   RELATION   TO   CROP    PRODUCTION 

The  roots  of  plants  are  the  absorbers  of  water  and  mineral 
matter  from  the  soil.  These,  with  the  carbon  dioxide  taken 
from  the  air,  are  the  materials  out  of  which  not  only  the  food  for 
plants  but  the  world's  food  supply  is  manufactured  by  plants. 
Green  plants,  only,  of  all  living  organisms,  are  able  to  build  up 
organic  food  from  the  relatively  raw  materials  of  the  inorganic 
world.*  Cultivated  plants  almost  always  have  a  sufficient  supply 
of  carbon  dioxide  for  normal  growth.  Oxygen  for  respiration 
and  light  are  likewise  usually  plentiful.  The  temperature  of  the 
air  and  soil,  except  in  high  latitudes,  is  seldom  seriously  unfavor- 
able for  plant  development,  and  it  is  unusual  to  find  the  physical 
or  chemical  nature  of  the  substratum  unsuitable  for  plant 
production.  But  in  the  principal  agricultural  sections  of  the 
United  States,  especially  in  the  more  arid  or  semiarid  parts,  water 
is  the  chief  limiting  factor.  Insufficiency  of  water,  perhaps  more 
often  than  any  other  environmental  factor,  lessens  crop  yield. 
In  fact,  more  than  half  of  the  surface  of  the  earth  receives  insuffi- 
cient precipitation  for  the  most  favorable  growth  of  crops. 
A  method  of  supplementing  this  inadequate  water  supply  is  by 
the  application  of  water  by  irrigation,  and  the  normal  supply 
may  be  conserved  by  systems  of  tillage  and  crop  management 
which  aid  in  getting  as  much  of  the  precipitation  as  possible  into 
the  soil  and  keeping  it  there  until  it  is  absorbed  by  plants.  The 
great  importance  of  the  seedling  establishing  contact  with  a  water 
supply  is  shown  by  the  vigorous  growth  of  the  rootlet  which  usu- 
ally reaches  a  considerable  length  and  often  begins  to  branch 
before  the  leaves  are  unfolded.  In  fact,  the  rate  of  this  early 
root  growth  may  determine  the  success  or  failure  of  establish- 
ment in  dry  situations. 

*  Certain  bacteria,  e.g.  nitrifying  and  sulphur  bacteria,  are  also  able  to 
build  up  organic  materials.  They  obtain  their  energy  by  oxidizing 
ammonia  and  hydrogen  sulphide  and  obtain  carbon  from  the  carbon 
dioxide  of  the  air  without  the  agency  of  sunlight.  The  organic  substances 
produced  are  relatively  negligible  in  amount. 
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In  some  agricultural  areas,  on  the  other  hand,  soil  water 
is  so  abundant  that  most  crops  will  not  grow  until  the  wet  soil 
is  drained,  often  at  great  trouble  and  expense,  and  a  supply  of 
fresh  air  for  the  roots  is  admitted.  Keeping  the  soil  in  proper 
physical  and  chemical  condition  as  regards  water  content, 
aeration,  productivity,  temperature,  etc.,  so  as  to  promote 
vigorous  plant  growth,  is  the  purpose  of  tillage  even  in  moderately 
moist  soil  where  rainfall  is  approximately  optimum.  The 
functioning  of  the  part  of  the  plant  aboveground  is  conditioned 
very  much  by  the  distribution  and  activities  of  the  root  system. 
The  latter  may  be  controlled  to  a  considerable  extent  by  various 
cultural  practices.  Thus,  it  is  obvious  that  an  exact  knowledge 
of  root  development  of  cultivated  plants,  of  their  position,  extent, 
and  activities  as  absorbers  of  water  and  nutrients  at  various 
stages  of  growth  is  of  paramount  importance  to  all  who  are 
engaged  in  crop  production.  Likewise,  a  knowledge  of  modifica- 
tions that  are  produced  by  variations  in  the  soil,  whether  due  to 
soil  structure,  to  excessive  water  content  or  drought,  tillage, 
fertilizers,  or  other  causes,  is  of  no  less  importance. 

ACTIVITIES  OF  ROOTS  IN  SOIL  AND  SUBSOIL 

The  chief  activities  of  roots,  aside  from  growth  and  anchorage 
of  the  plant,  are  the  absorption  and  conduction  of  water  and 
nutrients.  Absorption  may  occur  throughout  the  entire  extent 
of  the  root  but  takes  place  most  actively  in  the  younger  and 
usually  deeper  parts. 

Extent  of  Root  Systems. — Roots  of  cultivated  plants,  con- 
trary to  current  opinion,  are  not  superficial  but  deeply  seated. 
Casual  examination  of  the  figures  on  the  following  pages  shows 
the  remarkable  extent  and  great  variation  in  root  habits  of  crops 
and  the  great  importance  of  both  soil  and  subsoil  in  their 
development. 

Studies  on  the  rooting  habits  of  crops,  giving  a  clear  under- 
standing of  their  great  extent,  have  been  so  recent  and  the  old 
idea  of  roots  being  superficial  is  so  commonly  believed  that  many 
current  textbooks  still  speak  of  them  as  "shallow."  The  old 
viewpoint  is  well  stated  as  follows  in  one  of  our  best  modern 
works  on  soils. 

It  is  well  known  that  only  the  top  6  or  8  inches  of  the  soil  is  suited  to 
plant  life  and  that  the  lower  part,  or  subsoil,  plays  only  an  indirect  part 
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ill  plant  nutrition.     We  shall,  therefore,  confine  our  attention  almost 
exclusively  to  the  surface  layer.  >'*' 

Absorption  of  Water  from  the  Subsoil. — That  crops  absorb 
water  in  large  quantities  from  the  subsoil  and  that  both  quantity 
and  quality  of  yield  can  be  greatly  modified  by  the  addition  of  fer- 
tihzers  to  the  subsoil  have  been  conclusively  demonstrated. ^^^-^^ 


Fiu.    17. — Barley  grown  in  container  with  wax  seals  at  6-inch  intervals.     The 
upper  portion  of  the  container  has  been  removed. 

In  one  experiment,  barley  was  grown  in  the  field  in  large  cylindri- 
cal containers  18  inches  in  diameter  and  3.5  feet  deep.  The 
containers  were  filled  in  such  a  manner  that  each  6-inch  layer 
occupied  the  same  depth  in  the  container  that  it  had  formerly 
occupied  in  the  field.  Each  6-inch  layer  of  soil,  of  known  water 
content,  was  separated  from  the  one  above  and  below  by  thin  wax 
seals.  The  seals  effectually  prevented  the  movement  of  the 
water  from  one  soil  layer  to  another  but  permitted  the  roots  to 
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develop  in  a  normal  manner  (Figs.  17,  18).  When  the  crop  was 
ripe,  it  was  found  that  the  water  had  been  absorbed  from  the 
several  levels,  beginning  at  the  surface,  in  the  following  amounts : 
20,  19,  16,  16,  14,  12,  and  11  per  cent,  respectively,  based  on  the 
dry  weight  of  the  soil.  Moreover,  it  was  further  ascertained, 
from  barley  grown  in  other  containers  examined  at  various  inter- 
vals, that  during  the  period  of  heading  and  ripening  of  the  grain, 
the  bulk  of  absorption  was  carried  on  by  the  younger  portions  of 
the  roots  in  the  deeper  soils,  the  surface  layers  by  that  time  being 
quite  dry. 

Similar  results  have  been  obtained  with  rye.-^^  During  the 
period  of  ripening,  maximum  absorption  occurred  at  a  depth  of 
2.5  feet  and  considerable  quantities  of  water  were  removed  at 
greater  depths.  Winter  wheat  behaved  in  a  similar  manner, 
absorbing  most  vigorously  late  in  life  from  the  deeper  soil  layers 


Fig.   18. — Wax  seal  at  a  depth  of  2  feet  showing  the  penetration  of  the  seal  by 
roots  and  their  abundance  under  field  conditions. 

(2.5  feet  or  deeper)  and  reducing  the  water  content  to  a  much 
greater  degree  than  in  the  moister  layers  above.  These  results 
show  clearly  that  absorption  by  a  plant  during  different  stages  of 
its  life  does  not  depend  upon  total  root  surface  or  root  mass  but  is 
determined  mainly  by  the  area  of  the  functioning  parts  of  the 
root  system. 

Potatoes  absorbed  water  to  depths  of  2.5  feet.  Corn,  which 
uses  water  extravagantly,  absorbed  large  quantities  from  the 
third  and  fourth  foot  and  smaller  amounts  from  the  fifth  when 
grown  in  containers  3  feet  in  diameter  and  5  feet  deep. 

Absorption  of  Nutrients  from  the  Subsoil. — In  other  experi- 
ments, nitrates  were  placed  in  the  soil  in  measured  amounts  (400 
parts  per  million  of  soil)  at  various  levels.  At  the  time  of 
blossoming,  barley  had  removed  286  parts  per  million  of  the 
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nitrates  from  the  third  6-inch  level  and  135  and  168  parts  per 
million  from  the  next  deeper  layers,  respectively.  At  maturity, 
it  had  absorbed  186  parts  per  million  of  nitrates  from  the  2-  to 
2.5-foot  layer  of  soil.  Potato  roots  absorbed  the  nitrates  at 
similar  levels,  although  in  slightly  smaller  amounts,  and  corn 
removed  203,  140,  and  118  parts  per  million,  respectively,  from 
the  third,  fourth,  and  fifth  foot  of  soil.  In  every  case  where  roots 
came  in  contact  with  a  fertilized  soil  layer,  they  developed  much 
more  abundantly  and  branched  more  profusely.  Such  a  layer 
also  retarded  normal  penetration  of  the  root  system  into  the  soil 
below.  Other  experiments  in  which  the  soil  layers  were  impreg- 
nated with  monocalcium  phosphate  showed  similar  root  activities 
as  regards  absorption  at  the  several  depths. 

These  experiments  show  that  the  roots  of  crops  were  active 
in  the  absorption  of  both  water  and  nutrients  even  at  the  max- 
imum depth  of  their  penetration.  The  materials  necessary 
for  food  manufacture  were  taken  from  the  deeper  soil  in  consider- 
able quantities,  although  to  a  lesser  extent  than  from  the  soil 
nearer  the  surface,  which  the  roots  occupy  first  and,  conse- 
quently, at  least  in  annual  crops,  where  they  absorb  for  the  longest 
time.  It  is  important  to  note  that  these  plants  received  their 
supply  of  water  and  nutrients  from  the  deeper  soil  layers  during 
the  later  stages  of  their  development  which,  in  some  respects,  are 
the  more  critical  ones. 

Effect  upon  Yield. — To  determine  the  effect  of  the  depth  of 
fertilizers  upon  the  3'ield,  two  series  of  containers  were  used  in 
which  barley  was  grown. ^^  In  the  first,  the  soil  was  fertilized 
with  nitrates  or  phosphates  at  different  sealed  6-inch  levels. 
In  the  second  series,  the  surface  foot  was  fertilized  and,  in  addi- 
tion, various  6-inch  levels  of  the  subsoil.  Although  the  plants 
used  the  largest  amounts  of  salts  from  the  surface  foot,  they  also 
took  large  additional  quantities  from  the  deeper  levels  when  they 
were  available.  The  absorption  of  nutrients  at  levels  below  the 
surface  affected  materially  both  quantity  and  protein  content  of 
the  yield.  This  effect  was  pronounced  even  when  the  surface 
foot  of  soil  was  abundantly  supplied  with  a  similar  nutrient. 
For  example,  sodium  nitrate  when  applied  to  the  surface  foot 
increased  the  total  dry  weight  by  promoting  heavy  tillering  and 
also  added  to  the  nitrogen  content  of  the  grain.  But  when 
available  at  lower  levels  as  well  as  in  the  surface  foot,  it  increased 
still  further  both  the  dry  weight  and  the  quality  of  the  grain. 
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Such  experiments  show  the  importance  of  the  subsoil  as  a 
probable  source  of  nutrients  for  crops.  It  seems  clear  that  an 
attempt  should  be  made  to  promote,  by  cultural  practices,  an 
ample  distribution  of  the  deeper  portion  of  the  root  system.  In 
the  agricultural  practices  of  humid  regions,  the  "rawness"  or 
unproductiveness  of  subsoil  has  long  been  recognized,  but  it  is 
well  known  and  generally  accepted  that  subsoils  of  arid  regions 
are  not  unproductive  and  that,  in  them,  plants  make  a  good 
growth. ^^■^•^^^"  In  the  semiarid  soils  of  the  eastern  half  of  Ne- 
braska, eight  successive  crops  of  inoculated  alfalfa  gave  almost  as 
heavy  jdelds  on  the  subsoil  as  on  the  corresponding  surface  soils, 
although  corn  and  non-inoculated  legumes  did  poorly.^  That 
roots  absorb  phosphorus  and  potassium  as  well  as  other  elements 
from  the  subsoil  is  indicated  by  the  fact  that  plants,  when  potted 
in  subsoil,  will  grow  if  nitrogen  is  added. i'^^  In  some  soils, 
nitrogen  has  been  shown  to  leach  in  rather  large  amounts  to 
depths  of  3  to  6  feet  or  more.^^** 

That  many  native  species  must  absorb  their  nutrients  from 
the  subsoil,  i.e.,  below  a  depth  of  2  to  3  feet,  is  clearly  indicated 
by  the  root  habit.  Little  or  no  branching  occurs  in  the  surface 
layers,  while  it  seems  certain  that  morphological  changes  in  the 
roots  occupying  the  upper  soil  are  such  as  to  preclude  absorption. 
Differences  in  the  root  habits  of  various  cultivated  plants  may 
also  lead  to  marked  variations  in  the  amount  of  nutrients  removed 
from  the  different  soil  levels.  ^^^  Consequently,  knowledge  of  the 
extent  and  distribution  of  the  roots  of  cultivated  plants  is  of 
great  practical  interest.  The  fact  that  roots  may  absorb 
nutrients  at  deep  levels  in  the  subsoil  as  well  as  from  the  surface 
layer  should  be  given  greater  attention  by  all  plant  growers.  The 
too  prevalent  idea  that  it  is  mainly  the  surface  layer  of  soil  that 
supplies  the  plant  with  nutrients  and  that  the  subsoil  is  the 
crop's  reservoir  for  water  should  give  way  to  the  fact  that  it  is 
the  whole  soil  mass  permeated  by  roots  that  determines  root 
activity. 

RESPONSES  OF  ROOTS  TO  ENVIRONMENTAL  FACTORS 

The  habits  of  roots,  as  those  of  shoots,  are  more  or  less  charac- 
teristic for  every  kind  of  plant.  They  are  governed,  first  of  all, 
by  the  hereditary  growth  characters  of  the  species  or  variety 
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Fig.  19. — Heritable  differences  in  extent  and  character  of  root  sj-stems. 
Representative  root  systems  of  two  inbred  strains  of  dent  corn.  The  one 
iUustrated  above  is  susceptible  to  leaf  firing;  the  lower  one  is  highly  resistant  to 
l)oth  leaf  firing  and  root  rot.  Note  difference  in  character  and  extent  of  the  two 
root  .systems.      (After  J.  R.  Holhcrt  ct  al,  III.  Agr.  Exp.  Sta.,  Bull.  255.) 
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in  question.  It  has  been  shown  that  inbred  strains  of  corn, 
for  example,  differ  greatly  in  the  character  and  extent  of  their 
root  systems. ^^  "Certain  strains  .  .  .  have  such  a  limited 
and  inefficient  root  system  that  they  are  unable  to  function 
normally  during  the  hot  days  of  July  and  August,  when  the  soil 
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Fio.  20. — Root  systems  of  the  false  Solomon's  seal   {Smilacina  steUata) :  .4,  in 
dry  gravelly  soil ;  B,  in  moist  soil  in  the  shade  of  a  forest.     Scale  in  feet. 


moisture  is  low."'-*^  Other  strains  have  fewer  roots  and  a  lower 
ratio  of  tops  to  roots  (Fig.  19).  Experimental  evidence  has 
recently  been  found  which  supports  the  suggestion  that  selective, 
absorption  by  individual  corn  plants  may  prove  to  be  a  very 
important  heritable  character.  ^^•^•'' 


ROOT  HABITS  IN  RELATION  TO  CROP  PRODUCTION      61 

A  study  of  the  inheritance  of  root  forms  in  mangels  and  sugar 
beets  has  shown  that,  in  general,  the  roots  of  the  Fi  generation 
were  intermediate  between  the  parental  forms.  Sugar  beet 
crosses  in  which  wedge-shaped  forms  were  involved  proved  to  be 
exceptions.  Wedge  shape  was  completely  dominant  over 
walnut  form  and  also  over  long,  somewhat  slender  roots.  ^^ 
Recent  experiments  with  peas,  where  a  dwarf  variety  with  a  short 
root  system  was  crossed  with  a  tall  variety  with  a  deep  root 
system,  indicate  that  root  characters  are  hereditary  and  segregate 
out  in  the  F^  generation  according  to  the  Mendelian  ratios.^"* 

Within  the  species  or  variety,  root  modifications  are  usually 
brought  about  by  the  operation  of  such  factors  as  water  content, 
aeration,  soil  structure,  and  nutrients.  In  fact,  the  character 
of  the  root  system  is  usuallj^  an  indicator  of  soil  conditions.  Of 
28  native  grasses  and  other  herbs  studied  in  two  or  more  widely 
separated  habitats,  25  showed  very  striking  changes  in  their  root 
habits  as  to  depth  of  penetration,  and  position  and  number  of 
branches;  one  exhibited  only  moderate  differences,  and  two 
showed  practically  no  change  (Fig.  20). ^-"-^^^  Several  shallow- 
rooted  forest  trees  as  well  as  certain  deeply  rooted  ones  do  not 
adapt  themselves  to  changed  soil  conditions  but  others  belonging 
to  each  class  show  considerable  plasticity.  ^^^  Great  variability 
occurs  in  the  rooting  habits  of  fruit  trees.  For  example,  the 
wide  adaptation  of  black  walnut  to  so  many  soils  that  it  is 
almost  universally  used  as  stock  for  the  English  walnut  in 
California  is  well  known.  Other  fruit  trees  show  much  less 
plasticity,  certain  varieties  failing  unless  grafted  onto  other 
stock,  the  roots  of  which  adapt  themselves  to  soils  underlaid  with 
alkali*^^  or  containing  excessive  moisture, ^"^  or  to  very  exposed  or 
dry  situations.  ^^'-^  As  is  amply  illustrated  in  the  following  pages, 
the  roots  of  many  cultivated  crops  are  very  plastic,  responding 
readily  to  environmental  changes.  Sometimes,  the  root  varia- 
tion is  so  great  and  the  growth  habit  so  profoundly  changed  that 
the  roots  are  scarcely  recognizable  as  belonging  to  the  same 
species. 

Relation  of  Roots  to  Soil  Moisture. — In  studying  the  moisture 
relations  of  a  soil,  the  root  extent  should  furnish  the  criterion 
as  to  the  depth  to  which  soil  moisture  should  be  studied  and  also 
the  maximum  depth  to  which  samples  should  be  taken.  The 
time,  method,  and  amount  of  the  application  of  irrigation  water 
should  be  worked  out  in  connection  with  their  effect  upon  root 
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distribution.  It  should  also  be  kept  clearly  in  mind  that  the  ideal 
root  system  is  not  necessarily  one  with  the  most  extensive 
branching  but  one  that  fully  occupies  the  soil  to  an  ade(}uate 
depth  and  throughout  a  radius  sufficient  to  secure  enough  water 
and  nutrients  at  all  times. 

Influence  of  Time  and  Amount  of  Water  Added  by  Irrigation. — 
Keeping  the  surface  soil  too  moist  during  the  early  life  of  the 
plant  may  promote  a  more  shallow  rooting  habit,  and  the  crop 
may  later  suffer  from  drought,  unless  watered  very  frequently. 
One  of  the  most  difficult  problems  of  irrigation  is  to  apply  the 
water  in  such  a  way  that  plants  are  not  made  surface  feeders. 
Otherwise,  the  natural  advantages  of  the  roots  widely  penetrating 
the  subsoil  for  nutrients  are  lost.  Conversely,  delay  in  time  or 
amount  of  water  used  may  tend  to  promote  a  deeper  rooting 
habit  {cf.  Fig.  87).  The  proportion  of  roots  to  tops  may  be 
definitely  increased  by  lowering  the  soil  moisture. '^^  Roots  of 
plants  that  mature  a  crop  in  fairly  dry  soil  must  penetrate  deeply 
and  spread  widely,  a  distribution  hindered  by  a  very  moist 
surface  soil  early  in  the  life  of  the  plant. 

Crops  respond  to  differences  in  water  content  and  aeration, 
both  in  amount  and  direction  of  growth.  By  varying  these 
factors  by  the  application  of  more  or  less  water,  not  only  the 
root  system  but  also  the  aboveground  plant  parts  and  yields  may 
be  varied,  since  a  close  correlation  exists  between  the  growth 
of  roots  and  tops.  Two-year-old  alfalfa  plants  grown  under 
irrigation  in  dry  upland  soil  in  New  Mexico  had  roots  3  to  4  feet 
deep  where  2  inches  of  water  were  applied  at  each  irrigation, 
but  they  were  4.5  to  5  feet  deep  where  5  inches  of  water  were 
applied  each  time.  ^'^''  While  too  much  water  may  produce  yellow, 
shrunken  kernels  of  wheat,  it  has  been  shown  that  cereals  are 
able  to  utilize  water  up  to  the  date  of  full  maturity.  Too  little 
water,  even  after  the  spikelets  are  losing  their  color,  results  in 
checking  the  deposit  of  dry  matter  in  the  grain,  and  a  deficiency 
earlier  in  the  development  of  the  kernel  probably  determines  its 
size,  even  before  the  rate  of  the  deposit  of  dry  matter  is  checked. ^^ 
Clearly,  the  necessary  water  can  be  applied  more  effectively  if  a 
knowledge  of  the  extent  and  position  of  the  root  system  as 
modified  by  the  chemical  and  physical  nature  of  the  soil  is 
known. 

Decreased  yields  may  often  be  correlated  directly  with  con- 
ditions influencing  the  development  of  roots.     This  is  especially 
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true  in  irrigated  districts  where  water  supply  is  the  great  limiting 
factor  in  crop  production.  In  fact,  root  development  often 
explains  the  reasons  for  differences  in  crop  yields  that  are  other- 
wise obscure. 

Experiments  have  shown  that  when  water  is  applied  at  the 
proper  time,  two  or  three  irrigations  give  as  good  results  as  a 
greater  number. '^^  In  some  areas,  a  method  of  growing  wheat 
with  a  single  irrigation  has  been  worked  out  under  which  the 
yields  are  often  higher  and  the  harvest  is  earlier  than  under  the 
old  practice  of  irrigating  six  times.'-'''  Thus,  there  is  a  great 
saving  not  only  of  water  for  use  on  other  arable  lands  but  also 
of  time  and  labor. 

Too  much  water  is  frequently  injurious  to  the  soil  by  leaching 
out  nutrients  and  in  other  ways.  It  often  delays  the  maturing  of 
the  crop  which  is,  consequently,  more  liable  to  rust  and  attack 
by  other  diseases.  Frequently,  both  quality  and  quantity  of 
yield  are  decreased.  Since  crops  differ  greatly  in  the  amount  of 
water  they  can  profitably  use,'^^  as  well  as  in  their  response  to 
adverse  aerial  environments,  a  thorough  knowledge  of  the  root 
systems  is  not  onl}^  warranted  but  imperative  for  an  adequate 
explanation  of  crop  behavior. 

Raising  the  water  table  even  temporarily  by  irrigation  causes 
the  death  of  •the  deeper  roots  in  many  plants  and  usually  results  in 
a  decreased  yield. ^^  The  roots  of  some  species  succumb  more 
readily  than  others.  Among  many  plants,  top  development 
depends  upon  a  sufficient  root  supply,  as  was  clearly  illustrated  in 
the  case  of  the  cotton  plant.  The  amount  of  shedding  of  leaves 
and  bolls  was  directly  proportional  to  the  extent  of  the  root  sys- 
tem which  was  submerged  (and  died)  as  a  result  of  a  rising  water 
table.  But  when  the  water  table  w^as  again  lowered,  a  new 
growth  of  tops  took  place  simultaneously  with  a  new  growth  of 
roots  into  the  area  thus  provided  for  root  extension.  ^^ 

The  general  shape  of  the  root  system  of  trees  and  other  plants 
may  be  controlled  more  or  less  by  regulating,  under  irrigation, 
the  depth  of  the  water  table.  ^^  If  the  subsoil  is  water-logged  and 
thus  unaerated,  deeper  roots  will  not  develop  or,  if  already 
grown,  will  soon  die  as  the  water  table  rises.  In  either  case, 
there  is  a  marked  tendency  towards  the  production  of  an  abun- 
dance of  roots  so  superficially  placed  that  cultivation  results  in 
more  or  less  serious  root  pruning.  Moreover,  under  such  con- 
ditions,   plants    are    more    sensitive    to    drought,    temperature 
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changes,  etc.*^"  They  require  heavier  irrigation  and  greater 
amounts  of  fertiHzers  than  those  more  deeply  rooted. 

Effects  of  Drainage  upon  Root  Habit. — The  proper  drainage  of 
swamps  and  bog  lands  for  cultivated  crops  should  be  deter- 
mined with  reference  to  root  relations.  Extensive  experiments 
have  shown  that  the  water  table,  if  at  a  shallow  depth,  determines 
the  Imiit  of  root  penetration  and,  to  a  large  extent,  the  yield  of 
many  common  meadow  grasses  such  as  timothy,  meadow  fescue, 
and  bluegrass.  Even  when  the  water  table  is  high,  only  rarely 
does  a  root  penetrate  into  the  saturated  soil,  although,  in  well- 
drained  soils,  these  grasses  are  quite  deeply  rooted.  ^^^  In  pasture 
mixtures,  this  water  relation  may  be  an  important  factor  in 
determining  which  species  will  thrive  and  become  dominant  and 
which  will  disappear.  Many  coarse  marsh  grasses  and  grass-like 
plants  can  thrive  in  wet  situations,  since  their  roots  are  built 
anatomically  to  permit  of  rapid  gaseous  exchange.  But  most 
cultivated  plants  require  well-aerated  soil.  For  example,  corn  in 
well-drained  soil  frequently  penetrates  6  feet  or  more  deep,  but 
in  peat  marshes,  where  a  system  of  underdrainage  kept  the  water 
table  almost  stationary  at  about  2.5  feet,  it  has  been  shown  that 
the  roots,  upon  reaching  a  level  18  inches  above  the  water  table, 
turned  aside  and  failed  to  penetrate  deeper.  ^^  This  inhibition  to 
deep  root  penetration  clearly  reflected  itself  in  the  dwarfed 
stature  and  reduced  yields  of  the  aboveground  parts.  Although 
this  may  be  found  to  be  an  exceptional  case,  it  clearly  shows  the 
important  relation  between  root  habit  and  the  plan  of  the  drain- 
age system  by  which  the  water  level  in  such  marshes  should  be 
controlled.  The  maximum  depth  to  which  the  water  table 
should  be  lowered  depends  largely  upon  the  nature  of  the  soil  as 
well  as  upon  the  root  habits  of  the  crops  to  be  grown.  If  the 
soil  is  coarse  and  capillary  action  consequently  low,  too  great 
lowering  of  the  water  table  may  result  in  a  soil  too  dry  to  afford 
maximum  yields. 

Root  Responses  to  Low  Water  Content. — As  is  amply  illustrated 
in  the  following  pages,  a  relatively  low  water  content  of  soil, 
within  certain  limits,  stimulates  the  roots  to  greater  develop- 
ment, resulting  in  a  greatly  increased  absorbing  surface.  Corn 
grown  for  5  weeks  in  a  moist,  rich,  loess  soil  (available  water 
content  19  per  cent)  had  a  total  root  area  which  was  1.2  times 
greater  than  that  of  the  transpiring  surface  of  stems  and  leaves. 
Corn,   with  similar  hereditary  characters,   grown  in  like  soil, 
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with  an  available  water  content  of  only  9  per  cent,  had  a  root 
area  2.1  times  greater  than  that  of  the  top.^^a  Similar  results 
were  obtained  with  2-months-old  alfalfa,  although,  here,  the 
area  of  the  taproot  system  was  exceeded  by  that  of  the  tops. 
Plants  grown  in  rich  silt  loam  soil  with  an  available  water  content 
of  22  per  cent  developed  a  root  area  66  per  cent  as  great  as  the 
area  of  the  tops.  But  in  a  similar  soil  with  10  per  cent  available 
water,  the  root  system  had  83  per  cent  as  much  area  as  the 
aboveground  parts.  Thus  a  low  water  content,  within  certain 
limits,  stimulates  increased  root  development,  which  results  in 
a  greatly  increased  absorbing  area. 

When  a  crop  is  planted  too  thickly,  even  under  otherwise 
favorable  conditions  for  growth,  the  plants  do  not  reach  max- 
imum development,  because  there  is  not  enough  light,  water, 
and  nutrients  for  all.  Under  these  conditions  of  competition, 
the  root  system  has  been  found  to  be  more  extensive  in  proportion 
to  tops  than  those  of  crops  less  closely  spaced. ^^^  Where 
decrease  in  light  is  the  most  important  factor,  the  growth  of  the 
shoot  is  made  more  and  more  at  the  expense  of  the  dry  weight  of 
the  root.'^  But  where  the  soil  is  very  dry,  root  development  is 
greatly  retarded  or  even  ceases,  and  the  aboveground  parts  are 
dwarfed  accordingly.  For  example,  on  the  short-grass  plains, 
roots  of  alfalfa  and  wheat,  which  normally  penetrate  several  feet 
deep,  although  more  profusely  branched,  are  almost  entirely 
confined  to  the  surface  2  feet  of  soil  because  of  lack  of  sufficient 
water  to  promote  growth  in  the  subsoil."^'* 

WTiy  some  crops  are  better  adapted  to  semiarid  regions  than 
others  may  sometimes  be  explained,  at  least  in  part,  by  a  study 
of  the  root  habit,  although  the  ability  of  a  plant  Hke  sorghum  to 
endure  drought  by  remaining  relatively  quiescent  is  an  exceed- 
ingly important  character.  Sorghums  when  compared  with 
corn  were  found  to  have  better  developed  root  systems  as  regards 
degree  of  branching  in  relation  to  the  extent  of  tops.^^*^  These 
studies  were  carried  on  in  rather  lightly  irrigated  sandy  loam  soil 
in  southwestern  Kansas.  Dwarf  milo,  Blackhull  kafir,  and  a 
dent  corn  were  grown  in  alternate  rows.  The  leaf  area  of  the 
corn  at  all  stages  of  its  growth  was  approximately  twice  as  great 
as  that  of  the  Dwarf  milo  and  at  least  one  and  a  half  times 
that  of  Blackhull  kafir.  Both  sorghums  had,  in  all  stages  of  their 
development,  a  main  root  system  just  as  extensive  as  that  of  the 
corn  and,  in  addition,  possessed  twice  as  many  secondary  roots. 
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Relation  of  Roots  to  Fertilizers. — A  knowledge  of  root  sys- 
tems is  fundamental  in  the  proper  application  of  fertilizers.  In 
fact,  it  should  be  an  important  basis  for  determining  not  only  the 
time  but  also  the  manner  and  depth  of  application.     Likewise  in 

investigations  of  soil  pro- 
ductiveness, root  extent  and 
activity  should  determine 
the  portions  of  the  soil  and 
subsoil  to  be  studied. 

Effects  of  Fertilizers  upon 
Root  Habit. — Crops  grown 
in  rich  soil  have  roots  that 
are  shorter,  more  branched, 
and  more  compact  than 
those  grown  in  similar  but 
poorer  soil.  Sachs,  over  half 
a  century  ago,  demonstrated 
that  the  more  concentrated 
the  nutrient  solution,  the 
shorter  the  roots, ^^-  and 
Liebig  stated  that  plants 
search  for  food  as  if  they 
had  eyes.  It  has  been 
known  for  a  long  time  that 
plants  grown  in  soils  with 
alternate  layers  enriched 
with  nutrient  solution  branch 
much  more  profusely  in 
these  layers.  ^^®  Experi- 
ments so  arranged  that  one- 
half  of  the  root  system  of 
peas,  for  example,  grew  in 
soil  rich  in  nitrates  and  the 
other  half  in  poor  soil  gave 
similar  results.""  Of  course, 
enriched  soil  promotes  bet- 
ter shoot  development 
which,  in  turn,  furnishes  a  greater  food  supply  for  further  root 
growth.  The  correlation  of  the  growth  of  roots  and  tops  is 
usually  pronounced.  Injury  to  one  also  hinders  the  growth  of 
the  other. 


Fig.  21. — Root  of  sugar  beet  grown  in 
fine  sandy  loam  soil,  showing  root  strati- 
fication in  the  second  and  fourth  foot  of 
soil  where  layers  of  clay  were  encountered. 
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FiC!.  22. — Root  stratification  of  the  false  boneset  (Kuhnia  glutinosa).      The  plant 
was  excavated  from  an  alluvial  soil  of  alternate  layers  of  sand  and  clay. 
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When  roots  enter  a  soil  area  enriched  by  the  decay  of  former 
roots,  the  greater  degree  of  branching  is  often  very  marked. 
They  frequently  follow  the  path  of  their  predecessors  for  con- 
siderable distances,  branching  in  great  profusion.  Similar 
branching,  which  may  be  due  partly  to  better  aeration,  fre- 
quently occurs  in  earthworm  burrows. 

Marked  contrasts  in  the  degree  of  ramification  of  roots  as 
they  penetrate  different  soil  strata  are  often  to  be  attributed  to 
differences  in  richness  of  soil.     For  example,  sugar  beets  grown 


Fig.  23. 


-Network  of  absorbing  roots  of  green  ash  in  the  4  inches  of  surface  soil 
in  a  grove  in  the  short-grass  plains. 


in  fine  sandy  loam  stratified  at  various  depths  with  layers  of  clay 
have  been  found  to  branch  much  more  profusely  in  these  clay 
layers  richer  in  nutrients  than  in  the  soil  above  or  below  (Fig. 
21).  Frequently,  root  stratification  is  due  to  soil  moisture,  but 
the  factors  of  water  content  and  nutrients  often  operate  together 
(Fig.  22).  In  tree  plantations  of  green  ash  on  the  short-grass 
plains,  the  surface  6  inches  of  soil  is  literally  filled  with  great 
masses  of  finely  branched  tree  rootlets  (Fig.  23).  Under  the 
fight  precipitation,  most  of  the  absorption  must  take  place  from 
this  humus-enriched  surface  soil.     However,    many  large  but 
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very  poorly  branched  roots  penetrate  to  a  depth  of  8  feet  or  more 
into  the  dry  subsoil. 

Similar  root  layering  has  been  found  among  many  varieties  of 
grapes.  While  most  of  the  laterals  of  6-year-old  vines  were 
present  in  the  surface  foot  of  soil,  ranging  from  10  to  20  feet 
from  the  base  of  the  plant,  many  penetrated  several  feet  deep 
and  occasionally  a  root  reached  a  depth  of  over  7  feet.^*^  In 
dune  soils  where  the  organic  matter  is  mainly  responsible  for  the 
water  capacity,  the  roots  of  many  plants  tend  to  occupy  the 
upper  layers  where  the  humus  and  moisture  are  most  abundant.  ^^* 
It  has  been  shown  experimentally  that  in  every  case  where  roots 
came  in  contact  with  a  soil  layer  rich  in  nitrates,  they  not  only 
developed  much  more  abundantly  and  branched  more  profusely 
but  failed  to  penetrate  as  far  into  the  deeper  soil.  On  the  other 
hand,  it  has  been  shown  that  wheat  and  barley  seedlings  grown 
in  both  soil  and  culture  solutions  low  in  nitrates  produced 
remarkably  extensive  root  systems,  although  the  shoots  were 
small.  Similar  results,  but  to  a  less  marked  degree,  were 
obtained  when  potassium  salts  were  deficient.''^  Thus,  it  seems 
clear  that  the  depth  at  which  the  fertilizer  is  placed  in  field 
practice  considerably  affects  root  penetration  and  development. 

Significance  in  Crop  Production  of  the  Effects  of  Fertilizers  upon 
Root  Habit. — Fertilizing  the  surface  layers  of  soil,  especially  with 
nitrates,  and  thus  stimulating  surface  root  production  in  regions 
where  these  layers  have  very  little  or  no  available  water  during 
periods  of  drought  appears  to  be  distinctly  detrimental  to  normal 
crop  production.  The  effect  of  phosphates  in  promoting  root 
growth  in  length  and  number  of  branches  has  long  been  recog- 
nized in  agricultural  practice. 

Dressings  of  phosphates  are  particularly  valuable  whenever  greater 
root  development  is  required  than  the  soil  conditions  normally  bring 
about  .  .  .  Phosphates  are  needed  also  for  shallow-rooted  crops  with 
a  short  period  of  growth  .  .  .  Further,  they  are  beneficial  wherever 
drought  is  likely  to  set  in  because  they  induce  the  young  roots  to  pene- 
trate rapidly  into  the  moister  layers  of  the  soil  below  the  surface. ^^^ 

Wheat  on  land  treated  with  phosphates  was  found  at  the  end  of 
107  days  to  be  rooted  almost  twice  as  deeply  as  in  similar  soil  to 
which  no  phosphates  had  been  applied.  ^-^-^^ 

Not  only  the  quantity  of  nutrients  but  also  the  time  at  which 
they  are  absorbed  affects  quantity  and  quality  of  yield.     In 
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spring  wheat  and  oats,  the  nitrogen  or  protein  content  has  been 
shown  to  increase  continuously  as  appHcations  of  nitrate  fer- 
tihzer  were  made  later  and  later  in  the  life  of  the  plant. '■'^  Winter 
wheat  and  rye  gave  a  similar  response  to  applications  made  in  the 
latest  periods  of  growth.  Thus,  the  amount  of  nutrients  in  the 
subsoil  available  to  the  younger  and  more  vigorously  absorbing 
roots  is  of  great  importance.  The  problem  of  getting  the  phos- 
phatic  and  potassic  fertihzers,  which  do  not  leach  extensively, 
into  the  deeper  soil  where  they  may  be  more  efficient  is  one  with 
which  students  of  fertilizer  practice  should  be  concerned.  Like- 
wise, the  time  and  quantity  of  the  applications  of  nitrates,  which 
leach  freely  into  the  deeper  soil,  in  relation  to  rainfall  and  root 
depth  is  a  field  needing  investigation.  It  is  possible  that  methods 
of  tillage  and  cultivation  can  be  modified  so  as  to  give,  in  advance 
of  the  crop  season,  a  supply  of  nitrates  which  might  leach  into  the 
deeper  subsoil  in  time  for  their  absorption  at  the  most  effective 
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Fig.  24. — The  influence  of  winter  rains  upon  the  movement  of  nitrate  nitrogen 
in  the  soil  of  southeastern  Washington.  The  numbers  show  the  parts  per  million 
of  nitrate  nitrogen  at  the  several  depths.  (After  F.  J .  S levers  and  H.  F.  Hollz, 
Wash.  Agr.  Exp.  Sta.,  Bull.  166.) 


period  in  the  development  of  the  crop.  In  the  semiarid  wheat 
growing  regions  of  eastern  Washington,  the  nitrates  developed  in 
the  summer  fallow  of  the  preceding  year  are  found  in  the  subsoil 
the  following  spring  at  a  depth  of  4  feet  or  more  (Fig.  24). ^^^ 

Excellent  results  are  reported  from  the  use  of  subsurface  appli- 
cation of  fertilizers  in  growing  potatoes  in  New  York.  The 
fertilizer  is  broadcast  and  thoroughly  mixed  with  the  upper  4  to  5 
inches  of  soil  by  means  of  a  heavy  disk  harrow.  The  field  is 
then  replowed  9  to  10  inches  deep  before  planting.  Severe 
drought  may  so  thoroughly  dry  the  upper  layer  of  soil  that  it  is  of 
little  use  to  the  plant.  However,  the  fertilizer  well  mixed  in  the 
deeper  soil  has,  by  this  time,  induced  such  a  heavy  root  develop- 
ment that  the  crop  continues  growth  unchecked  throughout  the 
drought  period. ^^"^  In  other  instances,  especially  in  orchard 
growing,  placing  fertilizer  deep  in  the  subsoil  has  been  shown  to 
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be  an  excellent  practice.  Until  very  recently,  however,  the 
deep-rooting  habits  of  crop  plants  have  not  been  appreciated  by 
students  of  fertilizer  practice  nor  have  the  nutrients  of  the  sub- 
soil greatly  interested  them.^^^ 

Hill  fertilizing  of  corn  promotes  more  vigorous  early  vegetative 
development  and  earlier  tasseling  and  earing.  The  observation 
of  farmers  that  corn  fertilized  in  the  hill  sometimes  suffers 
more  from  drought  than  when  grown  in  soil  where  the  fertilizer 
has  been  uniformly  distributed  may  be  explained  by  a  study  of 
root  extent  in  relation  to  tops.  Although  no  differences  were 
found  in  the  actual  abundance,  depth,  or  lateral  spread  of  the 
roots,  the  more  luxuriant  plants  resulting  from  hill  fertilizing 
had  a  relatively  smaller  root  system.  ^^^  This  may  also  explain 
why,  in  Missouri,  applying  fertilizer  in  the  hill  or  row  yields  good 
returns  during  seasons  of  abundant  rainfall,  but  in  dry  seasons, 
there  is  more  danger  that  the  fertihzer  may  cause  the  corn  to 
"fire  "  than  when  it  is  applied  ahead  of  the  planter  with  a  fertilizer 
drill. ^^  Because  of  the  extensive  development  of  the  roots  of 
practically  all  cultivated  plants,  it  seems  probable  that  the  chief 
effect  of  hill  manuring  is  to  promote  vigorous  early  growth  and 
that  the  plant  receives  little  benefit  from  the  manure  at  the  time 
when  it  is  completing  its  growth  and  maturing  its  seed. 

It  has  been  shown  by  means  of  water  cultures  that  when  only  a 
part  of  the  root  system  is  supplied  with  one  mineral  element  and 
the  entire  root  system  with  all  of  the  other  necessary  elements, 
the  plant  does  not  absorb  as  much  of  the  one  element  as  it  would 
were  this  element  available  to  all  of  the  roots.  The  fewer  the 
roots  supplied  with  the  element,  the  smaller  the  total  amount 
absorbed,  although  the  amount  of  the  element  absorbed  per 
gram  of  root  increases  greatly  as  the  number  of  roots  in  the 
complete  solution  is  diminished.  This  appUes  when  the  total 
amount  of  the  element  is  equal  to  or  in  excess  of  the  needs  of 
the  plant.  For  example,  with  nitrogen  and  phosphorus,  the  total 
amount  absorbed  by  plants  with  half  their  roots  in  the  complete 
solution  was  only  76  per  cent  of  that  absorbed  by  plants  with 
all  their  roots  in  the  complete  solution.  Nor  did  increasing  the 
element  in  question  in  the  complete  solution  appreciably  alter 
the  results.  Since  a  plant  is  unable  to  attain  a  maximum  absorp- 
tion by  means  of  only  a  portion  of  its  root  system,  it  is  obviously 
important  to  apply  fertilizers  in  such  a  way  that,  as  far  as  possi- 
ble, all  of  the  roots  of  the  plant  will  be  supplied  with  all  of  the 
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fertilizing  elements. "^^  Since  the  lateral  diffusion  of  fertilizer 
salts  in  the  soil  is  small,  this  can  best  be  done  by  distributing  the 
fertilizer  uniformly  over  the  whole  area  occupied  by  the  roots. 

RELATION  OF  ROOTS  TO  CULTURAL  PRACTICES 

Root  distribution  and  development  is  greatly  modified  by 
various  cultural  practices,  but  our  knowledge  is  very  incomplete 
and  a  great  deal  more  experimental  work  should  be  done  in  this 
field. 

Transplanting. — Nurserymen  transplant  trees  and  shrubs  two 
or  three  times  in  order  to  force  root  development  near  the  stem 
and  thus  to  insure  the  preservation  of  more  young  roots  when  the 
plants  are  lifted  for  shipment.  Hence,  they  have  a  better  chance 
for  recovery  when  again  set  out.  This  explains  why  nursery- 
grown  trees  and  shrubs  usually  survive  transplanting  so  much 
better  than  those  secured  from  places  where  the  roots  have  made 
their  natural  growth.  Likewise,  market  gardeners  find  that 
transplanting  young  plants  of  cabbage,  tomatoes,  etc.,  while 
growing  in  cold  frames,  is  a  great  advantage  in  assisting  them  to 
endure  the  final  removal  to  open  ground. 

In  the  transplanting  of  trees,  both  depth  and  spacing  should 
be  given  careful  attention.  If  the  roots  are  placed  either  too 
deep  or  too  shallow,  the  plant  is  at  a  decided  disadvantage. 
Proper  spacing  in  forest  planting  is  necessary  to  obtain  well- 
balanced  and  wind-firm  root  systems.  ^^"^  Not  infrequently, 
orchard  and  shade  trees  as  well  as  trees  planted  for  windbreaks 
are  so  closely  spaced  that  insufficient  room  for  proper  root 
development  results  in  a  marked  decrease  or  actual  cessation  of 
growth.  1^ 

Layers  of  compact  soil  often  play  an  important  part  in  shaping 
the  root  system. ^"^-^^  Western  yellow  pine  seedlings  trans- 
planted in  clay  loam  soils  with  their  roots  against  one  side  of  a 
hole  showed  a  marked  tendency  to  grow  a  one-sided  root  system, 
the  growth  being  away  from  the  side  of  the  hole  towards  the 
looser  soil  within.  When  transplanted  by  the  usual  "trencher" 
method,  the  roots  "invariably  develop  only  in  the  plane  cor- 
responding to  the  longitudinal  axis  of  the  trench. "^u  In  plowing 
for  cultivated  crops  on  heavy  soils,  the  depth  should  be  varied 
from  year  to  year  so  that  a  too  firm  "plow  sole"  will  not  develop 
at  a  certain  level  and  tend  to  confine  root  development  to  the 
plowed  layer.  ^"'^ 
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The  time  of  transplanting  and  of  early  spring  cultivation 
should  be  considered  in  relation  to  root  development.  In  the 
red  currant,  for  example,  which  is  representative  of  many  other 
plants,  root  growth  started  in  advance  of  bud  development 
and  before  the  beginning  of  the  growth  of  the  stem.^^  Root 
growth  in  apple  trees  began  a  httle  earlier  than  did  shoot  growth 
and  continued  for  several  weeks.  This  gradually  passed  into  a 
second  period  extending  over  a  part  of  June  and  July  during 
which  shoot  growth  was  still  active  and  root  growth  relatively 
inactive,  a  condition  which  was  most  marked  about  midsummer. 
Later  as  shoot  growth  slackened,  root  activity  greatly  increased 
and  continued  until  late  autumn.  In  fact,  much  of  the  larger 
part  of  the  root  growth  was  made  late  in  the  summer  and 
autumn.  ^^     In  climates  which  are  not  too  cold, 

.  .  .  fall-transplanted  trees  are  more  likely  to  give  a  good  stand  than 
corresponding  spring-set  trees,  for  during  the  winter  months,  new  root 
formation  is  initiated  and  water  can  be  absorbed  in  the  spring  as  fast  as 
the  new  shoots  and  leaves  use  it.  The  spring-set  trees,  on  the  other 
hand,  must  wait  until  new  roots  are  formed  before  they  can  take  up 
moisture,  and  if  soil  conditions  remain  unfavorable  for  their  root  for- 
mation and  atmospheric  conditions  stimulate  vegetative  growth  of  the 
top,  the  pushing  shoots  will  wilt  and  die,  and  the  tree  will  be  lost.  In 
the  autumn,  conditions  are  favorable  for  root  growth  for  some  time  after 
good  growing  conditions  for  the  top  have  passed;  in  the  spring,  they 
frequently  become  favorable  for  top  growth  before  or  simultaneously 
with  suitable  gro^^^ng  conditions  for  the  roots.  •=- 

Correlation  between  Root  and  Shoot  Development. — The 
maintenance  of  a  proper  balance  between  root  and  shoot  is  of 
w&vy  great  importance.  If  either  is  too  limited  or  too  great  in 
extent,  the  other  will  not  thrive.  The  root  must  be  sufficiently 
widespread  to  absorb  enough  water  and  nutrients  for  the  stem  and 
leaves,  which,  in  turn,  must  manufacture  sufficient  food  for  the 
maintenance  of  the  root  system.  It  is  a  well  established  fact 
that  grasses  develop  a  better  root  system  when  they  are  mowed 
once  or  twice  a  year  than  when  they  are  closely  and  frequently 
grazed.  In  fact,  one  of  the  most  important  factors  in  the  various 
systems  of  range  and  pasture  management  is  to  permit  the 
seedhng  grasses  to  become  well  rooted  before  the  tops  are 
removed  by  grazing.  ^"^ 

In  transplanting  crops  of  various  kinds,  many  of  the  roots  of 
the  young  plants  are  necessarily  destroyed.     Hence,  the  top  must 
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be  pruned  back  or  the  plant  protected  from  excessive  water  loss 
until  the  balance  between  the  absorbing  and  transpiring  systems 
is  reestablished.  Conversely,  a  top  too  small  to  manufacture 
sufficient  food  to  feed  an  extensive  root  system  creates  an  unbal- 
anced condition  in  the  plant  which,  if  uncorrected,  may  retard 
its  development  and  may  even  result  in  death. 

Pruning  back  the  vines  of  sweet  potatoes  is  a  practice  followed 
by  some  growers  who  believe  that  reducing  the  growth  of  foliage 
stimulates  root  development.  Actually,  root  yields  are  reduced. 
For  example,  in  New  Mexico,  hills  pruned  back  to  12  inches  in 
diameter  yielded  6,012  pounds  per  acre,  those  pruned  back  to 
24  inches  produced  8,690  pounds,  while  the  yield,  where  no  prun- 
ing occurred,  was  16,520  pounds.**^ 

Experiments  with  3-year-old  almond  trees  have  shown  that  the 
development  of  both  the  top  and  root  systems  was  inversely 
proportional  to  the  severity  of  the  pruning  of  the  tops.  The 
spread  of  the  roots  was  over  a  third  greater  where  the  pruning 
was  light  than  where  it  was  severe.'^  Heavy  pruning  of  the  first 
crop  of  indigo,  leaving  a  few  leaves,  is  said  to  have  resulted  in  far 
less  damage  to  the  roots  and  nodules  and  in  a  much  more  rapid 
development  of  the  second  crop  than  pursuing  the  common 
practice  (in  Bihar,  India)  of  completely  cutting  back  the  first 
growth.  ^'^'* 

Wheat  grown  in  culture  solutions  poor  in  nitrogen  develops  a 
large  root  system  which,  when  nitrogen  fertilizer  is  added,  absorbs 
much  more  of  this  nutrient  than  is  needed  for  normal  growth. 
This  results  in  abundant  tillering.  More  than  four  times  as 
many  tillers  may  develop  as  among  plants  with  smaller  root 
systems.  This  indicates  a  causal  relation  between  differences 
in  root-absorbing  capacity  and  tillering.''^  Buckwheat,  beans, 
and  other  plants  adapted  to  shade,  sunlight,  and  an  intermediate 
condition,  respectively,  have  been  grown  in  shade  and  sunlight. 
In  all  cases,  plants  grown  in  sunlight  had  a  larger  root  system 
than  those  grown  in  shade,  a  result  attributed  to  the  increased 
transpiration.  ^^^ 

Recent  studies  have  shown  that  among  certain  species  a 

.  .  .  light  duration  unfavorable  to  aerial  development  has  caused 
extensive  root  growth.  Growth  of  root  and  shoot,  therefore,  are  not 
necessarily  contemporaneous  with  respect  to  season,  and  arrested 
development  of  the  exposed  portion  of  the  plant  caused  by  suboptimal 
light  duration  need  not  be  accompanied  by  checking  of  root  growth." 
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As  regards  the  roots  of  seedlings,  it  has  been  shown  that  their 
development  is  greatly  influenced  by  the  nature  of  the  reserve 
food  supply  in  the  seed.  The  more  nitrogen  a  seed  contains,  the 
greater  is  its  shoot  growth  as  compared  to  root.^^^  An  abun- 
dance of  carbohydrate  foods  and  a  somewhat  limited  nitrogen 
supply  promote  rapid  root  development.  ^^"^ 

Tillage  Practice  and  Root  Physiology. — The  value  of  various 
depths  of  plowing,  listing,  or  subsoiling,  and  the  preparation  of 
the  seed  bed,  as  well  as  the  time,  depth,  and  manner  of  sub- 
sequent cultivation  are  usually  judged  entirely  by  the  increase  or 
the  decrease  in  growth  and  the  yield  of  the  aboveground  parts. 
Too  little  attention  has  been  given  to  the  effect  of  these  practices 
upon  root  activities  and  development.  A  knowledge  of  root 
development  under  each  of  the  various  methods  of  tillage,  sys- 
tems of  mulching,  etc.,  with  their  resultant  effects  upon  water 
content,  nutrients,  aeration,  and  other  edaphic  factors,  will  not 
only  give  a  logical  cause  for  the  results  obtained  by  these  prac- 
tices but  will  form  a  scientific  basis  for  the  application  of  other 
methods  or  combinations  which  may  result  in  greater  yields. 
It  should  be  kept  clearly  in  mind,  however,  that  tillage  methods, 
as  such,  may  not  influence  root  habits  directly.  Differences  in 
growth  and  distribution  of  roots  in  the  soil  are  in  response  to 
differences  in  physical  and  chemical  conditions  of  the  substratum 
in  which  they  live.  Tillage  methods  are  merely  the  means  of 
bringing  about  these  changes. 

Much  farming  practice,  both  ancient  and  modern,  finds  expla- 
nation in  root  physiology.  For  example,  loosening  the  soil  by 
plowing  results  in  the  storage  of  water  and  in  better  aeration. 
This  not  only  makes  conditions  more  favorable  for  seed  germina- 
tion but  affords  better  conditions  for  the  growth  of  roots  and  for 
such  soil  organisms  as  nitrate  bacteria.  The  latter  produce 
greater  amounts  of  nitrates  which,  in  turn,  affect  root  growth. 
Chemical  corrosion  is  promoted;  that  is,  nutrients  are  more 
rapidly  liberated  from  the  soil  particles,  run-off  is  lessened,  tem- 
perature conditions  are  changed,  etc.  All  these  factors  affect 
root  habit.  Moreover,  the  loosened  soil  makes  root  penetration 
easier.  Roots  tend  to  develop  a  shorter  and  more  compact 
structure  in  dense  than  in  loose  soils.  Subsoiling  carries  the  air 
still  deeper  and  at  the  same  time  raises  more  minerals  to  the 
surface  soil  layers.  It  modifies  in  many  ways  (mostly  unfa- 
vorably as  measured  in  crop  yield)  the  physical,  chemical,  and 
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biological  factors  of  the  soil.  All  these  changes  are  ultimately 
reflected  in  root  habit. 

Root  Habit  and  Depth  of  Intertillage. — The  depth  of  inter- 
tillage  exerts  a  marked  effect  upon  root  habit  and  often  upon 
yield.  For  the  highest  yields,  cultivation  should  never  be  deep 
enough  to  injure  the  roots  seriously.  They  should  be  allowed  to 
occupy  the  richest  portion  of  the  soil,  which  is  usually  the  furrow 
slice.  The  proper  type  of  cultivation  is  deep  enough  to  kill  the 
weeds  but  shallow  enough  to  reduce  root  injury  to  a  minimum. 
A  decrease  in  the  yield  of  corn  of  2  to  8  bushels  per  acre  was 
brought  about  by  deep  cultivation  in  Illinois  and  a  decrease  of 
13  bushels  in  Missouri.  Where  the  roots  were  pruned  to  a  depth 
of  4  inches  at  a  distance  of  6  inches  from  the  hill,  the  yield  was 
decreased  17  bushels  per  acre.^'*^  Similar  results  have  been 
obtained  in  New  York. 

When  soil  adjacent  to  hedge  rows  of  Osage  orange  is  not  cul- 
tivated, their  roots  gain  possession  of  a  much  larger  area  than 
where  thorough  cultivation  is  practiced.  One  investigation 
showed  that  lateral  root  extent  in  the  two  cases  was  44  and  29 
feet,  respectively.  Under  conditions  of  cultivation,  the  water 
content  of  the  deeper  soil  is  increased,  which,  in  turn,  lessens  the 
necessity  for  wide  root  spread.  The  ability  of  perennial  crops 
like  alfalfa  and  clover  to  grow  in  close  proximity  to  the 
trees  while  annual  crops  do  so  with  difficulty  is  due  in  a  large 
measure  to  the  more  deeply  penetrating  roots  of  the  perennial 
crops.  ^^ 

That  mulching  the  soil  and  lack  of  tillage  result  in  a  marked 
growth  of  fibrous  roots  in  the  surface  layers  has  been  repeatedly 
demonstrated.  Roots  of  fruit  trees  are  often  very  superficially 
placed  under  a  straw  mulch.  For  example,  apple  trees  grown  for 
8  years  under  a  heavy  straw  mulch  and  under  cultivation,  in 
Indiana,  had  very  different  root  habits.  Quite  in  contrast  to 
the  depths  of  roots  under  cultivation  was  the  shallow  root  system 
of  the  trees  under  the  straw  mulch.  Here,  they  came  very  close 
to  the  surface  of  the  soil.  In  fact,  roots  half  an  inch  in  diameter 
or  larger  were  found  growing  on  the  surface  of  the  soil  under  the 
straw  mulch,  and  very  many  fibrous  roots  were  found  on  the 
surface  soil  and  penetrating  the  decaying  material.  The  roots, 
while  more  abundant  than  in  the  cultivated  plots,  averaged 
much  smaller  in  diameter,  and  75  to  80  per  cent  of  the  entire 
root  system  was  in  the  surface  foot  of  soil.^° 
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Contrary  to  popular  belief,  deep  tillage  as  a  means  of  over- 
coming drought  or  of  increasing  yields  has  little  foundation  in 
fact.  Extensive  experiments  conducted  in  the  Great  Basin  and 
the  Great  Plains  under  semiarid  conditions  where  the  greater 
part  of  the  precipitation  occurs  in  the  winter  and  in  the  growing 
season,  respectively,  as  well  as  in  the  more  humid  climates  of 
Illinois,  Pennsylvania,  and  Mississippi,  all  lead  to  this  conclusion. 

Plowing  does  not  increase  the  water-holding  capacity  of  the  soil  nor 
the  area  in  which  the  roots  may  develop  or  from  which  plants  ma}^  obtain 
food  .  .  .  Yields  cannot  be  increased  nor  the  effects  of  drought 
mitigated  by  tillage  below  the  depth  of  ordinary  plowing.^" 

In  these  studies,  little  or  no  attention,  unfortunately,  was  paid 
to  root  habit. 

Experiments  in  New  York  show  that  mixing  the  surface  soil 
layers  with  the  shallower  subsoil  promotes  deeper  root  pene- 
tration. Where  the  soil  w^as  thus  mLxed  in  the  first  6,  12,  18, 
24,  and  30  inches,  respectively,  in  the  different  plots,  marked 
differences  were  found  in  the  case  of  corn.  Although  some  roots 
in  all  the  plots  reached  a  depth  of  2.5  feet,  the  number  was  larger 
in  the  soil  that  had  been  worked  deeply.  The  proportion  of 
shallow  roots,  on  the  other  hand,  was  greatest  in  the  plots  where 
the  shallower  soil  alone  had  been  mixed.  The  soil  volume 
occupied  by  the  roots  in  the  deeply  mixed  soil  was  similar  to  a 
short  cone  buried  just  beneath  the  surface  in  its  upright  position, 
but  in  the  shallow-worked  plots,  the  cone-shaped  volume  was 
inverted.  In  the  earher  part  of  the  moist  summer,  the  plants  on 
the  shallow- worked  plots  grew  most  rapidly.  During  a  period 
of  severe  drought  in  August,  the  others  overtook  and  exceeded 
them  in  growth.  "The  rich  green  foliage  and  vigorous  appear- 
ance of  these  plants  presented  a  striking  contrast  with  the  rolled 
and  withering  leaves  of  the  plants  on  the  shallow- worked  soil. "2"' 
The  corn  on  the  most  deeply-worked  plot  was  tallest  and  ripened 
last  but  gave  the  greatest  yield.  Aside  from  distributing  the 
richer  surface  soil  to  greater  depths,  the  deep-tillage  methods  also 
afforded  much  better  aeration  in  the  deeper  soil.  Although 
subsoiling  sometimes  increases  yields,  it  is  well  known  to  be  a 
poor  practice  to  turn  up  a  considerable  amount  of  unweathered 
soil  to  the  surface  at  any  one  time. 

Relation  to  Crop  Rotations,  Cover  Crops,  and  Intercropping. — 
Crop  rotations  on  different  types  of  soil  and  under  different 
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climatic  conditions  should  be  worked  out  with  reference  to  root 
relations.  That  "knowledge  of  root  systems  is  the  basis  of 
agriculture"  should  be  given  more  than  casual  consideration. 
It  may  be  found  practicable,  especially  in  semiarid  regions,  to 
grow  short-rooted  and  densely  rooted  crops  alternately  with 
those  of  longer  and  more  spreading  root  systems.  European 
investigators  have  emphasized  the  fact  that  crop  rotations  should 
be  made  with  reference  to  root  change.  In  the  semiarid  regions 
of  Russia,  which,  in  many  ways,  are  similar  to  our  Great  Plains, 
definite  rotations  involving  this  principle  have  been  worked  out. 
For  example,  deeply  rooted  and  densely  rooted  winter  wheat  or 
rye  is  followed  by  the  more  meager-  and  shallow-rooted  potato 
crop,  and  this  by  barley  or  oats,  which,  in  turn,  is  succeeded  by 
the  shallower  and  more  poorly  rooted  flax.  This  is  consid- 
ered to  be  an  effective  means  for  contending  against  drought, 
since  it  averts  the  perennial  drying  up  of  the  root-inhabited 
soil  layer.  ^'** 

In  humid  regions,  under  intensive  agricultural  conditions,  two 
differently  rooted  crops  may  be  grown  in  the  same  field  at  the 
same  time.  Nurse  crops  of  oats  for  clover  are  common;  pump- 
kins or  soy  beans  are  often  grown  with  corn ;  and  the  use  of  cow 
peas  with  corn  is  an  old  practice,  especially  over  the  southern 
part  of  the  corn-growing  region.  Growing  mixed  cultures  is  a 
common  practice  in  India,  where  they  usually  outyield  pure 
ones.i^^  The  selection,  breeding,  and  adaptation  of  crops  for 
arid  and  semiarid  regions  should  logically  center  about  their 
efficiency  as  absorbers  and  conservers  of  water.  Plasticity  of 
root  systems  as  to  depth,  lateral  spread,  degree  of  branching, 
etc.,  goes  far  towards  determining  the  ability  of  a  crop  to  make 
sufficient  growth  and  yield  to  warrant  its  cultivation  in  dry 
lands.  Moreover,  under  these  conditions,  root  competition  is  an 
important  factor  in  determining  the  rate  of  seeding. 

It  seems  not  improbable  that  some  of  our  best-yielding  crops 
may  be  able  to  outstrip  others,  largely  because  of  their  greater 
efficiency  in  securing  a  larger  and  more  constant  supply  of  water 
and  nutrients.  Why  certain  artificial  mixtures  of  grasses  and 
other  herbs  may  thrive  in  pastures  and  meadows,  while  others 
do  less  well,  must  depend  to  a  large  degree  upon  competition  of 
root  systems.  This  is  the  case  in  native  grassland,  where  it  is 
usual  for  200  to  250  individuals  or  groups  of  individual  plants  to 
grow  in  a  single  square  yard,  due  to  lessened  competition  resulting 
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from  absorption  at  different  soil  levels  and  to  different  periods  of 
maximum  aboveground  activity  during  the  growing  season. 

Depth  of  rooting  can  be  controlled  to  a  considerable  extent  by 
the  use  of  cover  crops  or  by  intercropping.  If  the  surface  soil  is 
depleted  of  its  moisture  by  absorption,  roots  of  both  crops  pene- 
trate deeper.  The  effect  that  one  kind  of  plant  may  have  upon 
the  root  habit  of  another  by  modifying  soil  conditions  is  well 
illustrated  in  the  case  of  chaparral  and  Monterey  pine  at  Carmel, 
Cal.  Here,  the  trees  growing  in  an  open  stand  among  the 
shrubs  died  when  the  latter  were  cleared  away.  However,  a  new 
growth  of  pine  flourished  on  the  same  area.  The  chaparral  had 
shaded  the  soil  and  lessened  evaporation  from  its  surface,  and 
the  dense  layers  of  rootlets  and  accumulated  humus  held  the 
moisture  in  the  surface  soil.  Consequently,  the  trees  were 
shallow  rooted  and  died  of  drought  when  the  protecting  cover 
was  removed  and  the  soil  desiccated.  Seedling  trees  in  the 
changed  habitat  evidently  rooted  more  deeply.'"^ 

In  fruit  orchards  of  Oregon,  it  was  found  that  the  cultural 
treatment  to  which  an  orchard  has  been  subjected  has  a  strong 
influence  upon  the  location  of  the  major  portion  of  the  fibrous 
roots  of  the  trees.  Where  clean  culture  had  been  practiced 
without  the  use  of  the  plough,  a  thick  mat  of  fibrous  roots  was 
found  immediately  below  the  soil  mulch.  Few  roots  extended 
to  depths  of  8  to  12  inches  below  the  mulch.  But  in  a  few 
restricted  areas  that  received  neither  cultivation  nor  irrigation, 
the  roots  were  found  to  be  distributed  from  near  the  surface  to  a 
depth  of  12  to  16  inches.  Under  sod  and  irrigation,  the  roots 
were  quite  uniformly  distributed  from  near  the  surface  to  2.5 
feet  in  depth.  Under  the  loose  surface  soil  of  the  cultivated 
area,  there  had  been  formed  an  impervious  hardpan  which  was 
entirely  absent  in  the  untilled  and  unirrigated  land.^ 

It  has  been  observed  by  several  investigators  that  trees  growing 
in  competition  with  grass  have  a  relatively  heavier  root  sj'stem 
in  proportion  to  tops  as  compared  with  those  under  cultivation. 
This  relationship  has  been  reversed,  however,  by  adding  nitrate 
fertilizer  to  the  soil  about  the  trees  in  the  sod.^^ 

The  presence  of  the  roots  of  a  previous  crop  in  the  soil  where 
another  crop  is  growing  exerts  an  influence  upon  it  in  several 
ways.  Upon  their  decay,  they  enrich  the  subsoil  to  a  depth  of 
several  feet.  A  network  of  tortuous  channels,  formerly  occupied 
by  the  roots  and  about  which  the  soil  has  been  more  or  less  com- 
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pacted  by  lateral  pressure  exerted  in  their  growth,  fills  soil  and 
subsoil.  This  permits  better  aeration  which  may  be  an  impor- 
tant factor  in  the  oxidation  of  harmful  substances  originating 
from  the  decay  of  the  roots.  The  ancient  practice  of  letting  a 
soil  lie  fallow  for  a  time  may  restore  its  productivity,  either  by 
allowing  time  for  the  formation  and  diffusion  of  more  soluble 
mineral  salts,  or  through  the  removal  by  leaching  or  oxidation 
of  injurious  substances  formed  by  roots.  It  has  been  clearly 
demonstrated  that  the  presence  of  sorghum  roots  and  stubble 
has  a  distinctly  depressing  effect  upon  the  yield  of  wheat.  ^'^^ 
Preliminary  field  and  pot  tests  with  tobacco  indicate  that  the 
injurious  effects  of  preceding  crop  plants  come  mostly  from  the 
roots  rather  than  the  tops  of  these  plants.  Roots  of  potatoes, 
hairy  vetch,  and  corn  retarded  the  growth  of  tobacco  even  when 
their  aboveground  parts  were  removed  from  the  field  in 
harvesting.  ^^" 

Rotation  of  crops  may  derive  its  value  both  from  the  different 
demands  made  by  various  crops  upon  the  nutrient  supply  of  the 
soil  and  from  the  fact  that  organic  materials  added  by  decaying 
roots  are  often  less  injurious  to  other  kinds  of  plants  than  to 
the  crops  producing  them.  Indeed,  it  is  held  by  some  that  the 
major  benefit  afforded  by  the  addition  of  fertilizers  is  not  the 
replacement  of  mineral  salts  removed  by  the  crop  but  their 
beneficial  effect  in  neutralizing  unfavorable  soil  conditions 
introduced  by  root  excretion  and  decay. 

OTHER  ROOT  RELATIONS 

There  are  many  other  ways  in  which  root  habits  of  plants  are 
related  to  problems  connected  with  crop  production.  Prominent 
among  these  are  problems  of  soil  erosion  and  weed  eradication, 
as  well  as  crop  production  on  alkali  or  acid  soils.  Another  impor- 
tant subject  is  the  relation  of  root  development  to  disease  in 
plants. 

Soil  Erosion. — Closely  connected  with  crop  rotations  is  the 
problem  of  soil  erosion,  whether  by  wind  or  water.  This  holding 
of  the  soil  for  cultivation  applies  equally  to  plants  of  pasture  and 
meadow  lands  and  to  annual  crops.  Nearly  half  of  the  United 
States — the  hilly  half — is  being  seriously  impaired  by  water 
erosion.  Indeed,  erosion  is  one  of  the  most  serious  dangers  that 
threaten  the  agricultural  and  pasture  lands  of  the  nation. 
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The  roots  of  plants  are  efficient  soil  binders,  the  effect  being 
more  continuous  with  perennials.  Among  cultivated  crops,  this 
is  especially  true  of  meadow  and  pasture  grasses.  Even  though 
they  may  not  form  a  continuous  sod,  the  soil  particles  are  held  in 
place  by  the  extensive  and  minutely  branched  fibrous  root  sys- 
tems.    Grasses  that  spread  by  rhizomes  and  form  a  compact  sod 


Fiti.  25. — Three  feet  of  grass  roots  exposed  on  an  eroding  bank. 


are  especially  efficient.  Not  only  do  the  underground  stems  and 
roots  hold  the  soil,  but  the  tops  form  a  complete  surface  cover 
which  efficiently  shields  the  soil  from  the  destructive  action  of 
wind  and  water  (Fig.  25).  Removal  of  the  cover  of  vegetation, 
whether  by  overgrazing  or  plowing,  results  in  root  decay  and  is 
frequently  followed  bj''  soil  erosion.  Even  after  death  and  decay, 
roots  and  tops  exert  an  important  effect  in  cementing  together  the 
soil  particles  as  well  as  by  absorbing  and  holding  several  times 
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their  own  weight  of  water.  But  once  the  soil  is  exposed,  e very- 
drop  of  rain  that  falls  has  the  power  of  removing  soil  particles  and 
with  them  the  soluble  salts  essential  to  plant  growth.  Some  of 
the  most  important  grasses  of  sandy  areas  are  of  little  or  no 
forage  value  but  exert  a  pronounced  effect  upon  stabilizing  the 


'M 


\/^     \ 


S'j^l  ..^;., 


\  r-A^ 


i 

Fio.  26. 


-Roots   of   the    sand    reed    grass    (Calamovilfa   longifolia)    in    natural 
position  at  a  depth  of  2  to  4  feet. 


loose  soils  and  thus  permitting  the  growth  of  other  vegetation 
(Fig.  26).  Certain  crops  like  rye  are  also  efficient  soil  binders 
(Fig.  27). 

Weed  Eradication. — In  keeping  the  soil  free  from  noxious 
weeds,  especially  perennials,  a  knowledge  of  the  position,  extent, 
und  growth  habits  of  the  underground  parts  is  very  important. 
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Here  as  among  most  groups  of  plants,  however,  few  data  are 
available.  Why  some  species  are  more  detrimental  to  crops  than 
are  others  may  be  due  in  part  to  their  absorbing  water  and 
nutrients  from  the  same  level  as  the  cultivated  plants.  Marked 
differences  occur  in  different  species.  The  roots  of  the  dog- 
bane {Apocyrium  androsaemifolium),  for  example,  fill  the  soil 
rather  completely  to  a  depth  of  3  to  4  feet  (Fig.  28).  The  ver- 
vain (Verbena  strict  a),  common  in  old  pastures,  occupies  the  soil 
in  a  similar  manner  but  the  cord-like  roots  of  the  ironweed 
(Vernonia  haldwinii) ,  also  frequent  in  grassland,  reach  depths  of 
9  to  11  feet  and  branch  rarely  or  not  at  all  until  they  enter  the 
third  or  fourth  foot  of  soil. 


Fig.  27.— a 


crop  of  rye  planted  to  prevent  sand  blowing. 


Relation  to  Alkali  and  Acid  Soils. — Studies  of  root  systems  in 
soils  impregnated  with  alkali  point  out  clearly  that  the  adaptation 
of  plant  to  habitat  is  often  largely  one  of  root  distribution  above 
or  below  the  layers  of  greatest  salt  concentration.  Shallow- 
rooted  native  species  which  cannot  endure  alkali  may  grow  upon 
land  which  contains  alkali  at  depths  below  those  of  root  penetra- 
tion. Orchards  and  vineyards  are  sometimes  planted  in  soils  of 
rather  high  salt  content,  and  the  root  systems  may  become  thor- 
oughly established  in  a  non-toxic  lower  layer  of  soil  which  is  less 
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alkaline  than  the  surface  layers.^*  Shallow-rooted  crops  may  fail 
to  give  a  satisfactory  yield  because  the  alkali  tends  to  concen- 
trate near  the  surface  if  evaporation  is  great.  ''This  accumula- 
tion makes  the  salts  very  strong  throughout  the  feeding  zone  of 
the  plant  and,  therefore,  toxic  even  when  the  total  quantity  of 
salts  in  the  upper  3  or  4  feet  is  rather  small. "'^^  Winter  wheat  is  a 
poor  crop  on  alkali  land,  because  it  is  seeded  in  the  fall  when  the 


Fig.  28. — The  underground  parts  of  a  common  weed,  the  dogbane  (ApocynuTn 
androsaemifolium) .  When  the  plants  are  pulled  in  a  corn  or  oat  field,  the  verti- 
cal stems  break  and  new  plants  arise  from  underground  buds. 

alkali  is  usually  concentrated  near  the  surface,  although  experi- 
ments show  it  to  be  more  tolerant  than  many  spring  crops  which, 
in  practice,  are  better  adapted  to  alkali  lands  than  is  wheat. 

Deep-rooted  plants,  like  alfalfa  and  trees,  may  penetrate  the  alkali 
strata  by  growing  in  the  upper  soil  while  the  alkali  is  beneath  and 
gradually  feeding  lower  as  the  alkali  accumulates  at  the  surface.  In 
this  way,  some  plants  not  exceptionally  tolerant  may  withstand  what 
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seem  to  be  excessive  quantities  when  the  wliole  feeding  zone  is  not 
considered.  Where  alfalfa,  cotton,  and  other  deep-rooted  plants  get  a 
good  start  but  encounter  a  strong  alkali  stratum  at  a  short  distance 
below,  these  plants  may  prove  less  resistant  than  the  cereals  which  may 
feed  in  the  upper  less  alkaline  soil.''* 

The  sensitiveness  of  seedlings  of  sugar  beets  and  alfalfa  to 
alkali  and  the  relative  alkali  tolerance  of  well-established  plants 
have  long  been  known.  Heavy  rains  or  irrigation  during  germi- 
nation and  establishment  may  so  dilute  the  harmful  salts  that 
the  seedling  stage  may  be  safely  passed.  Both  crops  soon 
develop  a  deep  root  system.  The  alfalfa  plants  shade  the  soil  and 
thus  hinder  surface  evaporation  and  salt  concentration.  More- 
over absorption  from  the  deeper  soil  layers  also  retards  the 
upward  movement  of  water  and  solutes.  The  high  resistance 
of  alfalfa  to  alkali,  once  the  plants  are  established,  is  due  in  a  very 
large  measure  to  its  deep  root  system  which  often  absorbs 
in  the  deeper  soils  below  the  salts.  In  the  case  of  sugar  beets  and 
other  intertilled  crops,  the  surface  mulch  resulting  from  cultiva- 
tion, aided  by  the  shade  produced  by  the  crop,  tends  to  check 
the  rise  of  the  salts.  Beet  roots  absorb  at  all  depths  to  6  feet, 
and  the  plants  thrive  even  when  the  alkali  present  in  the  surface 
soil  is  very  great.  It  has  been  demonstrated  that  plants  with 
extensive  root  systems  are  less  subject  to  injury  from  harmful 
salts  than  those  whose  root  systems  are  more  poorly  developed. 

In  California,  soils  so  impregnated  with  alkali  that  two  suc- 
cessive plantings  of  peaches  were  killed,  a  third  lot  of  trees 
grafted  on  the  roots  of  an  alkali-enduring  variety  proved  suc- 
cessful in  the  same  soil.®^  Experiments  in  Australia  indicate  that 
the  sour  orange  is  the  best  stock  for  orange  and  lemon  in  sections 
where  the  irrigation  water  may  contain  considerable  alkali. ^^^ 
In  California,  it  has  been  found  that  the  roots  of  lemon  are  unusu- 
ally susceptible  to  alkali."^  With  adequate  knowledge  of  the 
variability  of  the  root  systems  of  different  varieties  of  cultivated 
plants,  selection  of  those  most  suitable  for  alkali  areas  should 
be  less  difficult. 

In  problems  of  crop  production  on  acid  soils,  if  attacked  from 
the  more  modern  and  logical  viewpoint  of  lime  requirement  of  the 
plant  rather  than  that  of  the  soil,  the  root  system  again  plays  a 
decisive  role.  The  lime  requirement  of  the  plant  is  determined 
not  only  by  its  lime  content  and  rate  of  growth  but  especially 
by  its  feeding  power  for  lime.     The  latter  is  in  proportion  to  the 
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character  and  extent  of  the  root  system,  the  internal  acidity  of 
roots,  and  their  excretion  of  carbonic  acid.-^" 

Extensive  investigations  on  the  effect  of  soil  acidity  on  root 
development  have  been  made  on  moor  soils  in  Europe.  The  roots 
of  cultivated  plants  were  found  to  penetrate  into  the  soil  only  as 
deeply  as  the  addition  of  basic  materials  had  sufficiently  freed  the 
soil  of  free  acids.  ^"^  Certain  native  species  were  found  to  be  less 
sensitive,  their  roots  occurring  in  the  deeper  soil.  Experiments 
with  potted  soils  showed  that  the  length  of  the  root  system  agreed 
very  closely  with  the  depth  of  the  acid-freed  root  bed.  Studies 
of  root  development  in  the  field,  where  the  deeper  soil  layers 
were  freed  from  acid  by  the  addition  of  lime,  confirmed  the  pot 
experiments. 

Wheat  seedlings  grown  in  nutrient  solutions  with  a  high 
H-ion  concentration  developed  root  systems  which  were  abnormal 
in  being  short,  stubby,  and  much  branched.  The  protoplasm  of 
the  root  hairs  was  found  to  be  coagulated  and  flocculated  and  the 
hairs  were  probably  rendered  ineffective  as  absorbing  organs.^ 
Excessive  acidity  affects  the  roots  of  crops  by  partially  or  wholly 
retarding  growth  in  length.  The  roots  often  thicken  and  soon 
become  dull  white  in  color.  Sometimes,  as  in  the  case  of  root 
rot  of  conifers,  injury  to  the  roots  resulting  from  acidity  of  the 
soil  leads  to  infection  by  fungi  which  cause  root  decay. ^ 

Aeration  and  Soil  Temperature. — Some  fundamental  rela- 
tions have  been  recently  worked  out  between  rate  of  root  growth, 
aeration,  and  soil  temperature."  Under  normal  conditions  of 
aeration,  the  rate  of  root  growth  is  known  to  be  influenced  by 
soil  temperatures  in  such  a  manner  that  there  are  three  well- 
defined  temperatures  for  growth.  These  are  the  maximum  or 
highest  temperature  at  which  root  growth  is  possible;  the  opti- 
mum, at  which  temperature  growth  is  most  rapid;  and  the 
minimum,  below  which  it  ceases.  But  under  a  diminished 
oxygen  supply,  these  cardinal  temperatures  seem  to  be  greatly 
modified.  As  the  oxygen  supply  in  the  soil  air  is  decreased,  rate 
of  growth  diminishes  in  a  soil  with  a  high  temperature.  For 
example,  corn  roots,  in  a  soil  atmosphere  of  96.4  per  cent  nitrogen 
and  only  3.6  per  cent  oxygen,  at  a  temperature  of  30°C.  grow 
about  one-third  as  rapidly  as  at  the  same  temperature  under 
normal  conditions  of  aeration.  But  at  18°C.,  growth  is  increased 
to  about  two-thirds  the  normal  rate  at  that  temperature  when  the 
soil  is  well  aerated.     Similar  results  hold  for  cotton  and  other 
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species.  Such  crops,  to  attain  a  fair  rate  of  growth  at  a  time  of 
high  soil  temperatures,  must  be  in  a  well-aerated  soil;  otherwise, 
the  rate  of  growth  is  considerably  reduced. 

The  roots  of  cactus  (Opuntia)  are  of  two  kinds,  namely  those 
which  grow  directly  downward  from  the  base  of  the  shoot  and 
apparently  serve  the  purpose  of  anchoring  the  plant,  and  those 
which  spread  laterally  in  the  shallower  soil  and  appear  to  function 
mainly  as  absorbers  of  water  and  nutrients  (Figs.  44  and  45). 
An  experiment  was  so  arranged  that  cuttings  of  Opuntia  versi- 
color grew  for  two  years  in  an  adobe  soil,  or  in  sand  filling  a  large 
pit  dug  in  the  adobe,  or  on  the  edge  of  the  pit  in  both  adobe  and 
sand.  A  suitable  water  content  was  maintained  in  both  soils 
during  the  growing  season.  Owing  to  the  differences  in  the  soil 
texture  the  sand  was  better  aerated  at  all  times  than  the  adobe. 
Temperature  differences  at  corresponding  depths  probably  also 
occurred.  The  plants  which  were  in  the  adobe  soil  had  a  normal 
type  of  root  development,  the  absorbing  roots  reaching  out  far 
beyond  the  shoot  but  lying  near  the  surface  of  the  soil.  On 
plants  grown  in  the  sand  the  differentiation  of  the  roots  into  the 
two  systems  was  obscured.  There  were  no  proper  superficial 
roots  and  no  proper  anchoring  roots  but  the  roots  extended  down- 
ward at  many  angles  and  divided  the  soil  mass  encompassed  by 
them  fairly  equally.  But  the  roots  of  the  plants  situated  on  the 
line  separating  sand  and  adobe  were  of  both  types.  Those  in 
the  adobe  were  either  superficial  and  horizontal  or  extended 
rather  directly  downward,  and  those  on  the  sand  side  developed 
after  the  manner  of  the  roots  wholly  withii)  the  sand.  This 
shows  that  the  roots  of  Opuntia  are  exceedingly  plastic  and  are 
directly  affected  by  aeration  and  soil  temperature.^^" 

Experiments  with  the  development  of  nodules  on  legumes  have 
shown  that  they  become  much  larger  when  soil  temperatures  are 
most  favorable.  In  the  soy  bean,  a  consistent  increase  in  dry 
weight  of  nodules  occurred  as  the  soil  temperature  increased  from 
15°  to  24 °C.  At  higher  temperatures,  a  progressive  decrease 
occurred.     Alfalfa,  red  clover,  and  field  peas  likewise  gave  a 

maximum  nodule  production  at  a  soil  temperature  of  about 

24°c.ii4 

Relation  to  Plant  Disease. — The  relation  of  root  development 
to  disease  resistance  of  crops  is  important  and  requires  intensive 
study.  Recent  investigations  have  demonstrated  a  close  relation 
between   the   vigor   of   root   growth   and   disease    resistance.  ^"^ 
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"Water  stress"  in  cotton  affects  most  seriously  the  plants  with 
the  greatest  vegetative  growth.  They  remain  longer  in  a  wilted 
condition  between  irrigations  and  show  an  earlier  recurrence  of 
wilting  after  irrigation.  Little  difference  has  been  found  in  the 
size  of  the  root  system  between  large  and  small  plants/'^°  and  this 
seems  to  explain  the  behavior  of  those  with  too  large  above- 
ground  parts.  In  some  species,  similar  conditions  promote  shed- 
ding of  leaves.  For  example,  the  pine  needle  shedding  disease 
can  be  cured  by  promoting  the  development  of  a  good  root 
system. 

Where  the  disease  is  physiological,  resulting  from  malnutrition 
or  insufficient  aeration,  this  relation  is  at  once  apparent.  In 
some  cases,  defective  soil  aeration  causes  disease.  The  wilt 
disease  of  Java  indigo  and  other  monsoon  crops  of  India  is  due 
to  damage  of  the  root  system  resulting  from  defective  aeration. 
This  is  brought  about  by  the  rise  of  the  water  table,  combined 
with  the  decrease  of  the  porosity  of  the  surface  soil  by  heavy 
rains.  Wilted  plants  possess  few  fine  roots  and  nodules  in  an 
active  condition,  most  of  them  being  dead  or  discolored.  Deeply 
rooted  varieties  of  crops  are  especially  subject  to  wilt,  while 
shallow-rooted  ones  are  little  affected.  The  root  tips  often 
show  marked  aerotropism  and  grow  upwards  towards  the  air. 
In  some  cases,  they  abandon  the  soil  and  grow  over  the  surface  of 
the  ground.  Sometimes,  insects  and  fungi  attack  the  crops  and 
cause  disease,  the  actual  attack  following  the  operation  of  some 
factor  such  as  poor  soil  aeration  or  soil  temperatures  unfavorable 
for  good  growth  and  other  functions  of  the  root  system.  This  is 
thought  to  be  due  to  change  in  cell  sap,  arising  from  root  damage, 
which  prepares  the  way  for  the  parasite.  ^°^" 

Certain  plant  diseases  that  cause  enormous  economic  losses  are 
due  to  organisms  that  enter  the  root  and  cause  it  to  decay  entirely 
or  in  part,  thus  bringing  about  reduced  yields  or  total  loss  of 
aboveground  parts.  In  the  root  rot  of  clover,  tobacco,  and  other 
crops,  the  root  system  is  partially  or  entirely  destroyed  by  various 
soil-inhabiting  fungi.  Sometimes,  as  in  club  root  of  cabbage  due 
to  the  invasions  of  a  slime  mould,  the  parts  belowground  are 
greatly  deformed. ^-^  The  root  rot  of  tobacco  is  marked  by  the 
stunting  of  plants  in  various  degrees  due  to  a  reduced  root 
system.^''*  The  extent  of  the  damage  is  determined  in  a  large 
measure  by  the  environmental  conditions  surrounding  the  roots 
of  the  host. 
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Diseases  such  as  flax  wilt  and  cabbage  yellows  are  caused  by 
fungi  entering  the  root  hairs,  pushing  back  through  the  cortical 
tissues,  and  growing  throughout  the  vascular  system.-"^  These 
invasions  of  root  and  stem  result  in  diminution  of  water  and 
supplies  of  food  materials  from  the  soil  which,  in  turn,  give  rise 
to  stunted  plants.  The  host  may  be  killed  in  the  seedling  stage 
or  wilt  and  die  at  any  time  during  its  growth.  In  cabbage,  the 
leaves  have  a  pale,  lifeless,  yellow  color.  Sometimes,  only  one 
side  of  the  root  system  is  seriously  attacked.  Then  the  opposite 
side  of  the  plant  grows  more  rapidly  and  brings  about  a  curving 
of  stem  and  leaves.  The  invaded  plants  begin  early  to  shed 
their  lower  leaves  while  making  a  weak  attempt  to  continue 
growth  above.  Both  root  and  stem  are  greatly  dwarfed.  The 
majority  of  the  diseased  plants  continue  a  sickly  existence  for 
a  month  or  more  and  then  succumb. ^^- 

The  Texas  root  rot  of  cotton,  which  also  affects  many  other 
plants,  is  almost  entirely  confined  to  the  roots.  The  plants  look 
normal  and  healthy,  but  wilting  occurs  suddenly.  The  entire 
foliage  droops  and  dies  and  soon  falls.  An  examination  of  the 
roots  of  freshly  wilted  cotton  plants  shows  that  the  woody  por- 
tions lying  immediately  beneath  the  cambium  are  deeply  dis- 
colored where  the  fungus  has  killed  the  tissue,  probably  by  the 
secretion  of  a  toxic  substance  of  enzymic  origin.  The  organism 
spreads  underground  by  contact  of  infected  roots  of  one  plant 
with  adjoining  healthy  ones  of  another.  Thus,  early  planting 
and  close  planting  of  susceptible  hosts  greatly  influence  the 
amount  of  Texas  root  rot  during  a  favorable  season,  because  of 
better  contact  of  roots  underground.  A  well-developed  root 
system  is  a  factor  which  greatly  influences  the  summer  spread  of 
root  rot."^""^  More  recent  investigations,  however,  where  the  root 
systems  of  cotton  and  alfalfa  of  both  healthy  and  diseased  plants 
were  thoroughly  examined,  lead  to  a  different  conclusion.  It 
was  found  that  the  fungus  causing  the  disease  does  not  spread 
from  plant  to  plant  by  underground  contact  of  diseased  roots 
with  healthy  ones.  It  progresses  through  the  soil,  and  the  plants 
are  attacked  at  any  point  on  the  taproot  within  the  first  foot  of 
soil,  and  the  laterals  rot  at  the  point  of  attachment  with  the 
taproot.  ^^"^ 

These  illustrations  are  sufficient  to  indicate  the  need  of  a 
thorough  knowledge  of  the  root  habits  of  cultivated  plants  in 
combating  plant  disease  produced  by  soil-borne  parasites.     A 
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more  complete  knowledge  of  the  soil  environment  as  it  affects 
root  growth  and  the  growth  of  organisms  attacking  roots  is  of 
great  scientific  and  economic  importance.  Increased  attention 
to  the  relation  of  environment  to  disease  inception  and  develop- 
ment is  recognized  as  imperative  to  progress  in  plant  disease 
control.  Disease  resistance  and  predisposition  to  disease  may  be 
largely  dependent  upon  environmental  conditions  under  which 
the  plant  is  developing.  ^^^^  Selecting  plants  whose  roots  are 
resistant  to  fungus  attack  or  ensuing  injury  is  a  very  promising 
method  of  procedure.  Why  they  are  immune  is  a  problem  that 
will  require  a  thorough  acquaintance  with  the  structural  changes 
and  chemical  composition  of  the  roots.  Our  present  knowledge 
of  these  subjects  is  quite  limited. '^'^ 

SUMMARY 

Green  plants  only  are  able  to  make  organic  food  from  the  water 
and  inorganic  nutrients  of  the  soil  and  carbon  dioxide  of  the  air. 
Since  roots  absorb  water  and  nutrients,  a  knowledge  of  their 
development,  extent,  and  activities  and  how  these  are  modified  by 
the  changes  in  the  environment  are  necessary  for  a  scientific 
understanding  of  plant  production.  The  roots  of  most  culti- 
vated plants  are  very  widely  spread  and  deeply  seated,  often 
exceeding  the  extent  of  the  aboveground  parts.  They  absorb 
large  quantities  of  water  from  the  subsoil,  even  at  depths  of  4  to  7 
feet,  the  younger,  deeper  portions  of  root  systems  being  partic- 
ularly active  as  the  crop  approaches  maturity.  Nutrients  are 
likewise  absorbed  at  deep  soil  levels  when  they  are  available 
and  produce  a  pronounced  effect  both  upon  the  quantity  and 
quality  of  the  crop  yield.  Hence,  the  nature  of  the  subsoil  is  an 
important  factor  in  crop  production.  Although  the  general  form 
of  the  root  is  governed  by  heredity,  it  is  very  responsive  to 
enviromnental  conditions.  Wet  soil  and  consequent  poor  aera- 
tion, especially  early  in  the  life  of  the  plant,  promote  a  shallow 
root  system,  and  moderately  dry  soil,  a  deeper  one.  The  latter  is 
more  branched  and  has  a  much  greater  absorbing  surface.  A 
desirable  type  of  root  system  is  one  that  fully  occupies  the  soil  to 
an  adequate  depth  and  throughout  a  sufficient  radius  to  secure 
enough  water  and  nutrients  to  promote  a  good  growth  at  all 
times.  By  proper  methods  of  tillage  and  especially  by  irrigation 
and  drainage,  moderately  moist  soil  may  be  maintained  to  con- 
siderable  depths,    good   rooting   habits   promoted,    and   yields 
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increased.  Fertilizers  also  have  a  marked  effect  upon  root  habit. 
Nitrates  inhibit  root  penetration  and  promote  increased  branch- 
ing. Phosphates  are  successfully  used  in  promoting  deep  rooting, 
a  very  desirable  development  especially  in  regions  subject  to 
drought.  Successful  transplanting  depends  upon  securing  a  suffi- 
cient absorbing  area,  a  result  often  brought  about  by  previous 
transplantings  during  earlier  growth.  The  maintenance  of  a 
proper  balance  between  root  and  shoot  is  also  very  important. 
Proper  methods  of  tillage  bring  about  conditions  in  the  soil 
favorable  for  root  growth  and  distribution.  Deep  intertillage 
frequently  results  in  root  injury  and  decreased  yields.  Mulching 
and  lack  of  tillage  often  promote  shallow  root  development. 
Crop  rotations  in  semiarid  regions  are  sometimes  made  with 
reference  to  root  change,  deeply  and  densely  rooted  crops  being 
alternated  with  more  meager-  and  shallow-rooted  ones.  Mixed 
cultures,  so  common  in  nature,  often  outyield  pure  ones  and  may 
come  to  be  more  generally  used  under  systems  of  intensive  agri- 
culture. The  lessened  root  competition  may  explain,  in  part,  the 
greater  yields.  In  many  agricultural  practices,  root  relations 
deserve  greater  attention  than  has  been  accorded  them.  Knowl- 
edge of  root  habits  is  of  value  in  problems  of  soil  erosion,  weed 
eradication,  selection  and  adaptation  of  crops  to  acid  or  alkali 
soils,  and  in  many  other  ways.  The  interrelation  of  edaphic 
factors  to  root  activities  is  complex.  Soil  temperature,  for 
example,  not  only  has  a  direct  effect  upon  root  growth  but  affects 
it  indirectly  through  soil  aeration.  At  higher  temperatures, 
more  oxygen  is  needed  for  maintained  growth  than  at  lower  ones. 
A  close  relation  exists  between  the  vigor  of  root  growth  and 
disease  resistance.  Many  diseases  of  great  economic  importance 
are  caused  by  soil-borne  organisms  entering  the  root  and  causing 
it  to  decay  entirely  or  in  part.  This  results  in  decreased  yields  or 
total  loss  of  the  crop.  Selecting  plants  whose  roots  are  resistant 
to  fungus  attack  and  injury  is  one  way  of  combating  disease. 
Here,  as  in  many  other  fields  of  plant  production,  a  thorough 
knowledge  of  root  habits  and  root  activities  is  needed. 


CHAPTER  IV 

ROOT  HABITS  OF  NATIVE  PLANTS  AND  HOW 
THEY  INDICATE  CROP  BEHAVIOR 

Extensive  studies  of  the  natural  plant  cover,  especially  where 
the  root  habits  have  been  taken  into  account,  have  shown  that  the 
native  vegetation  indicates  rather  definitely  the  environmental 
conditions  of  an  area  and,  in  this  way,  throws  much  light  upon  the 
manner  in  which  cultivated  crops  are  likely  to  develop  when  they 
replace  the  native  plants.  It  should  be  kept  clearly  in  mind, 
however,  that  the  general  adaptation  of  cultivated  plants  to  a 
region  is  controlled  by  a  complex  set  of  conditions  by  no  means 
thoroughly  understood.  Nevertheless,  the  use  of  native  vegeta- 
tion for  indicating  possibilities  of  growth  has  proved  very  valu- 
able in  those  areas  where  it  has  been  most  fully  studied.  Native 
plants  have  the  same  general  requirements  as  regards  heat,  light, 
water,  and  nutrients  as  have  cultivated  crops.  Since  their 
growth  is  controlled  by  physiological  conditions  similar  to  those 
that  hasten  or  retard  the  growth  of  crops,  a  study  of  the  natural 
vegetation  throws  much  light  upon  the  possibilities  of  an  area  for 
crop  production.  Moreover,  root  habit  has  been  found  to  corre- 
late rather  closely  with  water  content  or  other  soil  conditions. 
Hence,  when  both  root  habit  and  aboveground  development  of 
natural  vegetation  are  properly  interpreted,  they  afford  a  more  or 
less  definite  indicator  of  how  roots  and  shoots  of  cultivated  crops 
are  likely  to  develop,  and  what  may  reasonably  be  expected  in  the 
way  of  average  yields. 

The  natural  vegetation,  for  many  centuries,  has  been  sorted 
out  by  climate  as  well  as  by  soil  in  the  process  of  development. 
The  various  species  of  plants  have  usually  inhabited  a  given 
region  so  long  that  they  are  now  quite  definitely  distributed  with 
relation  to  the  environmental  complex,  species  well  adapted  to  a 
given  environment  now  occurring  in  abundance.  Thus,  the 
growth  of  the  native  vegetation  becomes  a  measure  of  the  effects 
of  all  the  conditions  which  are  favorable  or  unfavorable  for  plant 
production. 
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It  is  of  more  than  passing  interest  that  the  cereal  crops,  viz., 
corn,  spring  and  winter  wheat,  oats,  barley,  sorghum,  and  millet, 
all  of  which  are  grasses,  have  their  center  of  greatest  production 
in  that  portion  of  the  United  States  originally  covered  by  grass- 
land. In  fact,  some  are  grown  almost  entirely  in  this  region, 
and  other  crops  such  as  alfalfa  and  flax,  which  are  similar  in 
growth  habits  to  wild  legumes,  wild  flaxes,  etc.,  growing  among 
the  grasses,  also  have  their  greatest  acreage  in  the  grassland. 
Likewise,  the  greatest  areas  of  fruit  production,  including  such 
tree  fruits  as  apples,  peaches,  and  pears,  and  such  bush  fruits  as 
blackberries,  currants,  and  raspberries,  are  in  those  portions  of 
the  United  States  formerly  occupied  by  native  species  of  similar 
habit,  i.e.,  forest  trees  and  shrubs.  Since  practically  no  studies 
have  been  made  on  the  root  habits  of  native  species  in  other  crop- 
producing  regions,  our  discussion  must  be  limited  to  the  prairie- 
plains  region. 

The  great  grasslands,  extending  from  the  forests  of  the  eastern 
states  to  the  Rocky  Mountains  on  the  west,  constitute  approxi- 
mately one-third  of  the  entire  range  of  our  country  and  include 
the  most  valuable  area  of  agricultural  land.  The  corn  belt  hes 
largely  within  this  area,  in  Illinois,  Iowa,  eastern  Nebraska, 
Kansas,  and  Missouri.  Cotton  is  produced  without  fertilizers  on 
the  prairies  of  Texas  and  Oklahoma.  Winter  wheat  is  a  most 
important  crop  in  the  west  central  portion  of  the  prairie  area. 
Spring  wheat  production  is  confined  largely  to  the  prairies  of 
North  Dakota,  South  Dakota,  and  Minnesota.  Barley  is  pro- 
duced in  large  quantities  on  the  prairies  of  North  Dakota,  South 
Dakota,  Minnesota,  and  Iowa,  and  oats  on  the  prairies  of  IlHnois, 
Iowa,  Minnesota,  and  the  eastern  portions  of  North  Dakota, 
South  Dakota,  and  Nebraska,  and  also  in  the  prairie  sections  of 
Missouri,  Oklahoma,  and  Texas.  Flax  culture  is  most  important 
on  the  prairies  of  North  Dakota,  South  Dakota,  and  Minnesota.  ^^^ 
Although  the  center  of  production  of  timothy  and  clover  hay  lies 
farther  eastward,  yet  large  amounts  are  produced  in  the  eastern 
portion  of  the  prairie  area.  Great  quantities  of  wild  prairie  hay 
are  also  produced  in  these  grasslands.  Alfalfa  grown  without 
irrigation  is  confined  largely  to  the  prairies  of  Kansas,  Nebraska, 
and  Oklahoma.  About  nine-tenths  of  the  sorghums  raised  for 
either  grain  or  forage  are  grown  on  the  grasslands  of  Kansas, 
Oklahoma,  Texas,  Colorado,  and  New  Mexico. ^^  Millet  is 
grown  extensively  for  hay  on  the  prairies  from  the  Dakotas  to 
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Texas.  In  the  drier  portions  of  the  grasslands,  a  large  acreage  of 
sugar  beets,  potatoes,  and  other  crops  are  grown  under  irrigation. 
The  root  behavior  of  these  cultivated  plants,  which  have  been 
studied  most  e.xtensively  in  an  east  and  west  belt  through  the 
center  of  the  grasslands, ^^^'^^^  may  be  interpreted  best  in  the  light 
of  the  behavior  of  their  wild  relatives  and  predecessors  whose 
growth  and  decay  through  centuries  have  had  so  much  influence 
in  making  the  prairie  soils  so  rich,  so  excellent  in  structure,  and  so 
retentive  of  moisture.  Moreover,  the  native  grassland  species  are 
themselves  very  important  forage  and  grazing  crops. 

GRASSLAND  COMMUNITIES 

The  great  grassland  area  extending  across  the  Mississippi 
Valley  from  the  forests  of  the  east  to  the  foothills  of  the  Rockies 
is  not  characterized  by  a  uniform  vegetation  throughout.  The 
tall-grass  prairies  of  the  eastern  portion  are  distinctly  different 
from  the  short-grass  plains  of  the  West  and  Southwest,  and 
between  these  two  regions  is  a  broad  belt  of  mixed  grassland  where 
tall  and  short  grasses  intermingle.^'  The  chief  causes  of  these 
differences  in  grassland  vegetation  are  the  differences  in  the 
quantities  of  soil  moisture  supplied  by  the  rainfall  and  the  length 
of  time  during  which  soil  moisture  is  available.  Decreased 
relative  humidity  westward  is  also  an  important  factor.  Differ- 
ences in  soil  structure,  resulting  from  differences  in  climate  and 
vegetation  throughout  its  development,  are  also  pronounced. 
These  factors,  which  have  so  largely  determined  the  type  of  grass- 
land, exert  striking  influences  on  the  development  of  both  root 
and  shoot,  and  influence  also  crop  growth  and  yield.  This  influ- 
ence is  shown  to  such  a  marked  degree  that  root  development  of 
many  crops  has  been  thoroughly  studied  in  each  of  these  three 
great  grassland  communities  which  occur  in  Nebraska,  Kansas, 
and  Colorado. 

THE  TALL-GRASS  PRAIRIE 

This  community  constitutes  the  grasslands  of  Minnesota, 
Iowa,  Illinois,  Indiana,  and  Missouri,  as  well  as  approximately 
the  eastern  one-third  of  the  Dakotas,  Nebraska,  and  Kansas,  and 
large  areas  in  Oklahoma.  The  grasses  are  from  1.5  to  over  5  feet 
tall  and  are  rooted  to  an  equal  or  greater  depth  in  the  dark- 
colored,  deep,  rich,  moist  soils.  They  form  a  rank  growth, 
mostly  of  the  sod  type,  due  to  extensive  rhizome  development, 
and   usually   continue   growth   throughout   the   entire   summer 
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(Fig.  29).  This  is  possible  because  of  the  presence  of  abundant 
soil  moisture.  Even  in  the  drier  portions,  the  soil  is  usually- 
moist  to  a  depth  of  several  feet,  and  moisture  is  continuous  to  the 
ground  water  in  the  wetter  areas.  The  surface  soil  may  be  dried 
out  each  year,  and  drought  may  occur  in  late  summer  and  fall, 
but  the  subsoil  into  which  the  deeper  roots  of  the  vegetation 
penetrate  is  permanently  moist  (Table  2,  p.  19).  Such  condi- 
tions should  promote  the  development  of  numerous  deeply  rooted 
species  and,  in  fact,  prairie  vegetation  is  characterized  by  this 
type  of  root  habit. 


Fig.  29. — ^UpIand    tall-grass    prairie    in    eastern    Nebraska.     Porcupine    grass 
{Stipa  S2}artca)  is  the  most  conspicuous  species. 


Among  the  very  numerous  grass  species  that  occur,  some  of 
the  most  important  ones  are  the  bluestems  or  beard  grasses,  tall 
panic  grass,  tall  marsh  grass,  wild  rye,  porcupine  grasses,  and 
June  grass.  The  deep  root  habits  of  cultivated  plants  in  this 
region  might  well  be  predicted  from  a  study  of  those  of  the  native 
grasses. 

The  Bluestem  Grasses  (Andropogon). — A  fair  conception  of 
relative  heights  and  root  depths  of  the  three  common  andropo- 
gons,  which  often  furnish  the  bulk  of  wild  prairie  hay,  may  be 
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Fig.  30. — Three  species  of  bluestem  or  beard  grasses.    Left,  big  bluestem 

{Andropogon  furcatua)  ;  center,  little  bluestem  (.4.  .scoparius)  ;  right,  Indian  grass 
{A.  nutanti).  Photographs  taken  in  different  scales  which  are  shown  in  feet  at 
the  side. 
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gained  by  an  examination  of  Fig.  30.  Big  bluestem  (Andropo- 
gon  jurcatus)  is  the  tallest  and  most  deeply  rooted,  sometimes 
reaching  depths  of  over  9  feet,  although  in  hard  clay  subsoils,  the 
roots  are  often  2  to  4  feet  shorter.  The  roots  of  little  bluestem 
{Andropogon  scoparius)  vary  from  3  to  5.5  feet  in  depth,  being 
very  similar  to  those  of  Indian  grass  {Andropogon  nutans).  In 
none  of  these  species  do  the  roots  spread  much  over  a  foot  on  all 
sides  of  the  plant,  but  they  are  so  numerous  and  densely  branched 
that  they  thoroughly  occupy  the  soil  and  form  a  dense  sod.  That 
the  roots  of  big  bluestem  are  deeper  but  very  much  coarser  than 
those  of  httle  bluestem  is  very  significant.  Throughout  the 
prairie,  the  former  grows  best  in  lowlands  or  areas  of  higher  rain- 
fall, but  the  latter  tends  to  dominate  higher  and  drier  areas.  The 
much  finer,  better  branched,  and  more  widely  spreading  roots  of 
little  bluestem  permit  it  to  extend  much  farther  westward  into 
areas  of  lower  precipitation  than  the  more  coarsely  rooted,  taller 
species.  In  drier  soils,  it  abandons  the  sod  habit  and  grows  in 
bunches,  not  enough  water  being  present  to  supply  a  continuous 
plant  cover.  A  similar  response  may  be  noted  in  fields  of  culti- 
vated cereals,  the  uniform  growth  in  the  drill  rows  in  moist 
prairie  soils  giving  way  to  irregular  clumps  of  grain  in  the  drier 
mixed-prairie  and  short-grass  plains  areas  westward. 

Tall  Panic  Grass  (Panicum  virgatum). — This  grass  grows 
abundantly  in  many  situations  throughout  the  prairie  and,  like 
big  bluestem,  prefers  deep,  moist  soil.  Its  roots  are  also  very 
coarse.  They  penetrate  nearly  verticallj^  downward  to  depths 
of  8  to  9  feet,  spreading  but  little  near  the  surface.  In  compari- 
son with  most  grasses,  the  branching  is  very  poor.  But, 
as  among  most  species  of  both  native  and  crop  plants,  the 
branching  habit  is  greatl^^  modified  by  variations  in  soil  conditions. 
When  excavated  from  dry  soil,  branches  are  exceedingly  numer- 
ous and,  with  the  great  depth  of  penetration,  enable  the  plant  to 
occupy  many  cubic  feet  of  soil  (Fig.  31). 

Tall  Marsh  Grass  (Spartina  michauxiana). — Tall  marsh  grass, 
like  various  other  species  which  thrive  in  low,  moist  soils  and 
furnish  an  abundant  yield  of  forage,  has  very  coarse,  rather 
poorly  branched,  and  very  deep  roots.  These  thick  roots,  often 
3  to  4  millimeters  in  diameter,  spread  ver}^  little  but  penetrate 
vertically  downward  to  distances  of  8  to  13  feet,  frequently 
extending  into  water-logged  soil.  In  fact,  this  grass  has  the 
coarsest  roots  of  any  examined;  coarse  roots  are  common  to 
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Fig.    31. — Roots   of   tall  panic  grass  Fig.     32.  —  Rhizome      and 

(Panicmn    virgaium),    from    a    block   of       roots  of  tall  marsh  grass  (.Spar- 
sod  transplanted  into  dry  soil.  Una    michauxiana). 
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several  of  the   species   which  thrive   best  in  moist   situations 
(Fig.  32). 

The  rapidity  of  development  of  the  roots  of  native  grasses  is 
exceeded  only  by  those  of  cultivated  crops.  Growth  is  slower 
under  the  exceedingly  keen  competition  for  light,  water,  and 
nutrients  in  undisturbed  grassland,  but  in  disturbed  areas  where 
the  sod  formed  by  roots  and  rhizomes  is  broken,  development  is 
very  rapid.  For  example,  under  the  lat- 
ter condition,  tall  marsh  grass  and  panic 
grass  may  reach  depths  of  4  feet  at  the 
age  of  3  months,  a  growth  rate  of  over 
half  an  inch  a  day.  This  rate  of  growth 
is  not  uncommon  among  native  grasses. 
Moreover,  as  among  cereal  crops,  tiller- 
ing begins  early.  When  only  4  to  5 
weeks  old,  tillers  frequently  begin  to 
appear  and,  simultaneously  with  these, 
a  sufficient  number  of  adventitious  roots 
to  supply  the  new  shoots  with  water  and 
nutrients.  Thus,  many  similarities  may 
be  found  between  native  and  cultivated 
grasses  (Fig.  33). 

Wild  Rye  (Elymus  canadensis). — This 
grass  is  widely  distributed  over  the 
prairie.  Like  all  the  preceding  species, 
it  is  a  late  summer  or  autumnal  bloomer. 
Its  excellent  root  system  furnishes  an 
abundance  of  water  throughout  the 
entire  growing  sea,son.  The  roots,  while 
fairly  coarse,  spread  1.5  to  2  feet  on  all 
sides  of  the  plant  and  are  abundantly 
supplied  with  fine  laterals,  the  density  of 
these  varying  with  soil  character.  Depth 
of  penetration  varies  from  2  to  over  3  feet. 

Porcupine  Grass  (Stipa  spartea)  and  June  Grass  (Koeleria 
cristata). — These  species  often  occur  in  drier  soils  than  do  most  of 
the  preceding  grasses.  This  habit  of  growth  in  drier  soils, 
together  with  an  earlier  seeding  habit,  may  be  correlated  with  the 
root  systems  which  are  much  less  extensive  than  those  of  most 
other  prairie  grasses.  Porcupine  grass  seldom  exceeds  2  to  3  feet 
in  depth,  and  June  grass  extends  to  depths  of  only  1.5  to  2  feet. 


Fig.  33. — A  seedling  grass 
(Sporoholus  aaper)  44  days 
old,  showing  tillering  and 
beginnings  of  a  secondary 
root  system. 
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Fig.  34. — June  grass  {Kodcria  cristata).     One  of  the  few  alialluw-rooted  prairie 

grasses. 
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The  root  habit  of  June  grass  is  shown  in  Fig.  34,  where  the  greater 
extent  of  roots  over  tops,  as  well  as  the  great  mass  of  rootlets, 
may  be  seen.  The  lateral  spread  of  porcupine  grass  is  even 
greater,  but  the  roots  are  scarcely  so  well  supplied  with  branches. 

The  root  habits  of  the  few  grasses  thus  briefly  described  are 
representative  of  many  others  (including  the  grass-like  rushes 
and  sedges)  which,  with  these,  make  up  the  major  part  of  the 
grassland  flora.  A  conception  of  the  root  habits  in  tall-grass 
prairie  would  be  incomplete,  however,  without  brief  mention  of 
the  root  relations  of  some  of  the  abundant  legumes,  composites, 
mints,  and  roses  so  conspicuous  in  the  prairie  flora.  During 
spring  and  early  summer  especially,  as  well  as  later  in  the  fall, 
so  abundant  are  the  non-grassy  species  that  the  prairies  are 
veritable  flower  gardens. 

Root  Habits  of  Non-grassy  Species. — Wild  alfalfa  (Psoralea 
floribunda),  frequently  so  abundant  that  for  a  time  it  obscures  the 
grasses,  has  a  very  deeply  penetrating  root  system,  as  does  its 
cultivated  relatives.  The  strong  taproot  is  sometimes  an  inch  in 
diameter.  It  gives  off  many  large,  widely  spreading  branches, 
especially  in  the  deeper  soil,  many  of  which  extend  to  depths  of  5 
to  7  feet.  The  main  root,  seldom  branching  in  the  surface  foot  and 
absorbing  but  little  in  the  surface  2  feet  of  soil,  penetrates  rather 
vertically  downward  to  distances  of  8  to  9  feet  or  more  (Fig.  35). 

This  root  habit  is  not  greatly  unlike  that  of  the  wild  licorice 
{Glycyrrhiza  lepidota),  which  often  branches  more  profusely  and 
penetrates  even  deeper,  frequently  from  10  to  14  feet.  The 
ground  plum  {Astragalus  crassicarpus) ,  likewise,  has  a  large  tap- 
root with  many  strong  widely  spreading  branches  which  pene- 
trate many  feet  into  the  subsoil.  A  depth  of  6  to  8  feet  is  not 
unusual.  Like  the  preceding,  false  indigo  {Baptisia  hracteata)  has 
little  provision  for  absorption  in  the  surface  foot  or  two  of  soil. 
Its  rather  woody  roots  spread  widely  and,  although  never 
branching  profusely,  absorb  water  and  nutrients  at  great  depths, 
even  to  7  or  8  feet.  Prairie  shoestring  (Amorpha  canescens), 
another  very  common  prairie  legume,  is  even  more  deeply  rooted. 
Relatively  little  absorption  occurs  in  the  2  to  4  feet  of  surface 
soil.  Bluestems  and  other  grasses  frequently  grow  vigorously 
between  the  spreading  Amorpha  roots  where  they  doubtless  suffer 
little  competition.  The  chief  supply  of  water  and  probably  of 
mineral  nutrients  also  is  obtained  below  the  surface  soil  layers,  the 
roots  sometimes  reaching  depths  of  13  to  16.5  fset.     The  roots 
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Fig.  35. — Root  system  of  wild  alfalfa  (Psoralea  florihunda) .     The  taproot  had 
decayed.     Scale  in  feet. 
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may  spread  4  to  5  feet  from  the  base  of  the  plant.  Just  as 
cultivated  leguminous  crops  enrich  the  soil  through  the  work  of 
nodule-forming  bacteria,  so,  too,  these  legumes  and  many  others 
of  similar  habit,  furnished  with  tubercles  throughout  their  extent, 
are  in  a  large  measure  responsible  for  the  high  productivity  of 
prairie  soils. 

Alany  composites  have  root  habits  similar  to  those  of  the 
legumes.  That  of  a  blazing  star  {Liatris  'punctata)  is  shown  in 
Fig.  36.  On  other  specimens,  small  laterals,  although  scarce  to 
a  depth  of  6  to  9  feet,  were  fairly  abundant  below  this  level, 
which  indicates  the  great  depth  of  most  active  absorption. 
False  boneset  {Kuhnia  glutinosa),  another  late  summer  or 
autumnal  bloomer,  is  quite  as  deeply  rooted  as  the  blazing  star 
and,  like  it,  is  not  provided  for  absorption  near  the  soil  surface. 
The  rosinweed  (Silphiiim  laciniatum)  has  a  fleshy  taproot  1  to  2 
inches  thick.  It  descends  rather  vertically  to  distances  of  9  to 
14  feet  (Fig.  37).  Relatively  few  large  branches  occur,  but  these 
may  run  horizontally  3  to  4  feet  before  turning  downward.  As 
a  whole,  this  deep-seated  root  system  is  poorly  branched.  Purple 
coneflower  {Brauneria  pallida)  has  a  thick,  fleshy,  poorly  branched 
and  rather  vertically  descending  taproot  which  penetrates  to 
depths  of  5  to  8  feet.  The  root  habits  of  the  many-flowered  aster 
{Aster  jnultiflorus)  and  the  Missouri  goldenrod  (Solidago  mis- 
sour  iensis)  are  very  much  alike  (Fig.  38).  Both  propagate  by 
rhizomes  from  which  many  of  the  cord-like  fibrous  roots  arise. 
These  branch  throughout  their  course  and,  with  the  finer  roots  in 
the  surface  soil,  fit  the  plants  for  absorption  throughout  the  8 
feet  or  more  of  their  downward  course.  Other  goldenrods  and 
asters  are  very  similar  in  their  general  root  habit,  absorbing  at  all 
levels  from  the  surface  to  depths  of  5  to  11  feet.  This  is  true, 
likewise,  of  certain  native  sunflowers. 

This  development  of  extensive  root  systems  is  not  confined  to 
the  grasses,  legumes,  and  composites.  Many  other  prairie  species 
show  equally  well-developed  absorbing  organs.  Pitcher's  sage 
(Salvia  pitcher i),  one  of  the  numerous  prairie  mints,  frequently 
gives  rise  to  a  dozen  tough,  rather  woody  roots  from  a  single  inch 
of  its  rhizome.  These  may  run  obliquely  to  horizontal  distances 
of  2  feet  from  the  base  of  the  plant  before  turning  downward,  Vjut 
others  grow  almost  straight  downward  through  distances  of  5  to 
9  feet.  As  in  many  other  dicotyledons,  the  extensive  roots  are 
only  moderateljMvell  branched  (Fig.  39). 
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Fig.  36. — A  blazing  star  {Liatris  punctata). 
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Fig.  37. — A  portion  of  the  root  system  of  rosinweed  (Silphium  laciniatum) . 
usually  penetrates  to  depths  of  9  to  14  feet. 


It 
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Fig.  38. — Root  system  of  the  many-flowered  aster  (Aster  multiflorus). 
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Fig.  39. — Root  system  of  Pitcher's  sage  {Salvia  pitcheri). 
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The  prairie  rose  (Rosa  arkansana)  possesses  a  large,  woody  tap- 
i-oot  which  penetrates  even  deeper  than  that  of  any  of  the  preced- 
ing species.  Depths  of  15  to  over  21  feet  have  been  determined. 
It  usually  pursues  an  almost  vertically  downward  course  and  is 
poorly  supplied  with  major  branches  some  of  which  may  have  a 
horizontal  spread  of  4  feet.  Many  fine  branchlets  occur,  how- 
ever, and  frequently,  the  larger  ones  break  up  into  groups  of  long 
slender  rootlets  well  fitted  for  absorption. 

Of  43  species  selected  as  typically  representative  of  the  tall- 
grass  prairie  flora,  only  14  per  cent  absorb  almost  entirely  in 
the  surface  2  feet  of  soil;  21  per  cent  have  roots  extending  well 
below  2  feet  but  seldom  beyond  5  feet;  but  65  per  cent  have  roots 
that  reach  depths  quite  below  5  feet,  a  maximum  penetration  of 
8  to  12  feet  being  common. 

Conditions  Indicated  for  Crop  Growth. — The  presence  of  a 
continuous  cover  of  tall,  deeply  rooted  grasses  indicates  condi- 
tions favorable  for  the  production  of  cultivated  plants  of  similar 
habit,  a  fact  fully  substantiated  by  the  excellent  yields  of  wheat, 
oats,  and  corn.  The  continued  growth  of  these  grasses  through- 
out the  season,  with  the  late  period  of  flowering  and  seed  produc- 
tion among  most  of  them,  indicates  a  long  favorable  growing 
season  uninterrupted  by  a  deficiency  of  soil  moisture.  The 
abundance  of  water  in  soil  and  subsoil  is  further  attested  by  the 
presence  of  so  many  other  herbs,  many  of  which  extend  much 
deeper  than  the  grasses  and  absorb  the  water  that  percolates 
downward  through  the  surface  soil.  There  is  water  enough  for 
both  grasses  and  legumes,  as  well  as  composites,  etc.  The  possi- 
bility of  so  many  plants  growing  in  a  given  area,  often  200  to 
250  individuals  or  groups  of  individuals  in  a  single  square  yard, 
is  due  largely  to  the  fact  that  the  roots  absorb  at  different  soil 
levels,  the  tops  making  their  development  at  various  heights  and 
at  different  seasons  of  the  year.  Thus,  June  grass,  wild  alfalfa, 
and  little  bluestem  thrive  in  the  same  square  foot,  each  absorbing 
at  a  different  level,  each  producing  seed  at  a  different  height  and 
at  a  different  time,  really  three  crops  in  one  area.  Following 
this  example,  under  intensive  agricultural  conditions,  two  culti- 
vated crops  might  well  be  grown  in  the  same  field  at  the  same  time. 
Native  plants  show  clearly  that  this  is  feasible.  The  common 
practice  of  sowing  a  mixture  of  grasses  or  grasses  and  other 
plants  in  pastures  gives  not  only  a  greater  production  and  variety 
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of  forage  but  more  continuous  grazing  and  possibly  a  better 
balanced  food  ration. 

The  deeply  rooted  species  have  favorably  modified  the  subsoil 
to  great  depths,  enriching  it  with  nitrogen,  adding  humus  by  root 
decay,  as  well  as  making  it  more  porous,  and  as  a  result  of  absorp- 
tion, vast  stores  of  nutrients  have  been  brought  from  the  deeper 
soils  and,  upon  the  death  of  the  tops,  deposited  in  the  surface 
soil.  Thus  the  tall-grass  prairie  furnishes  the  most  productive 
region  for  agriculture. 

THE  SHORT-GRASS  PLAINS 

This  community  extends  over  areas  in  western  Nebraska,  and 
includes  much  of  the  western  half  of  Kansas,  eastern  Colorado, 
western  Oklahoma,  northwestern  Texas,  and  northern  New 
Mexico. ^^  According  to  Shantz,!^"*  it  also  occupies  extensive 
areas  in  eastern  Wyoming  and  Montana.  Outlying  detached 
areas  also  occur  south  and  west  of  the  Rocky  Mountains.  While 
the  tall-grass  prairie  may  be  likened  to  a  luxuriant  meadow,  the 
short-grass  plains  simulate  a  closely  grazed  pasture  (Fig.  40), 
The  grasses  are  truly  short ;  the  leafy  stems  are  usually  only  4  to  8 
inches  tall,  although  the  flower-stalks  may  be  12  to  18  inches 
high.  Absorption  regularly  takes  place  in  the  16  to  24  inches  of 
surface  soil,  below  which  dry  subsoil  occurs.  The  grasses  form 
a  low  mat  or  sod  due  to  extensive  propagation  by  rhizomes  and 
stolons.  In  the  drier  portions,  much  soil  surface  is  exposed,  but 
under  more  favorable  moisture  conditions,  the  sod  mats  are  more 
nearly  continuous.  Because  of  deficiency  of  soil  moisture  and 
severe  summer  drought,  the  vegetation  matures  early,  seeds 
ripening  within  30  to  60  days  after  the  inception  of  growth. 
The  grasses  "cure"  on  the  ground  but  may  resume  growth  upon 
the  advent  of  opportune  showers.  Precipitation  is  so  limited 
that  the  soil  is  seldom  moist  below  a  depth  of  2  feet  (Table  2, 
p.  20).  Water  penetrates  slowly,  owing  in  part  to  the  high 
water-retaining  power  of  the  surface  layers  of  jfine  sandy  loam 
soils  and  also  to  the  vigorous  absorption  by  the  short  grasses. 
The  small  amount  of  moisture  stored  during  the  non-growing 
season  in  the  foot  or  two  of  surface  soil,  together  with  the  rain- 
fall of  spring  and  early  summer,  may  enable  growth  to  continue 
until  early  in  July,  when  usually  all  the  soil  moisture  is  exhausted. 
As  a  consequence,  deeply  rooted  tall  grasses  and  other  herbs  are 
practically  excluded,  and  the  typical  short-grass  cover  is  very 
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uniform  and  monotonous  as  a  result.  During  unusually  dry- 
years,  even  short  grasses  may  fail  to  flower,  but  during  excep- 
tionally wet  ones,  growth  may  continue  almost  without  inter- 
ruption. The  continued  penetration  of  water  to  only  16  to  24 
inches  has  resulted  in  a  concentration  of  the  leached  salts  which 
form  a  carbonate  layer  varying  from  8  to  24  inches  in  thickness 
and  sometimes  occurring  at  depths  of  only  8  inches.  Below  the 
hard  pan  occurs  a  dry  subsoil.  ^^^  Hindering  water  penetration 
by  vigorous  absorption,   the  native  vegetation  has  exerted  a 


Fig.  40. — Typical  view  of  short-grass  plains  in  eastern   Colorado.     Over  90 
per  cent  of  the  vegetation  consists  of  buffalo  grass  and  blue  grama  grass. 

profound  effect  upon  soil  structure  and  soil  profile  in  the  short- 
grass  plains.  ^^^ 

When  the  natural  vegetation  is  destroyed  by  cultivation,  the 
depth  of  moisture  penetration  is  increased  even  if  the  land  is 
continuously  cropped,  and  with  alternate  years  of  cropping,  this 
is  even  greater.  In  the  former  case,  water  seldom  penetrates 
below  2  to  3  feet,  and  under  the  latter  practice,  only  rarely  to 
5  or  6.^^"*  Thus,  owing  to  low  precipitation,  usually  less  than  20 
inches,  high  run-off,  and  great  evaporation,  the  deeper  subsoil 
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is  constantly  dry.  Under  conditions  of  cropping,  root  activity 
is  confined,  as  among  native  species,  to  the  surface  layers  in 
which  the  available  moisture  supply  is  exhausted  almost  annually. 

The  important  grasses  of  the  plains  are  few  in  number  and  quite 
similar  in  habit.  Chief  among  them  are  the  blue  and  hairy 
grama  grasses,  buffalo  grass,  Muhlenberg's  ring  grass,  and  wire 
grass. 

Blue  Grama  Grass  (Bouteloua  gracilis). — Blue  grama  grass 
ranks  with  buffalo  grass  as  one  of  the  most  important  forage 
plants  of  the  short-grass  plains.     It  is  well  adapted  to  a  region  of 


Fig.  41. — Widely  spreading  and  relatively  shallow  root  system  of  blue  grama 
grass  (Bouteloua  gracilis). 


low  rainfall.  The  aboveground  parts  are  not  extensive,  and  the 
fibrous  roots  are  exceedingly  fine  and  spread  widely  in  the  surface 
soil,  often  to  distances  of  12  to  18  inches  (Fig.  41).  They  are  so 
numerous  and  so  exceedingly  well  furnished  with  fine  laterals 
that  every  cubic  inch  of  the  surface  2  feet  of  soil  is  filled  with 
these  highly  developed  absorbing  organs.  It  is  of  interest  to 
note  that  many  roots  extend  well  into  the  carbonate  layer,  some 
to  depths  of  4  feet,  indicating  that,  during  unusually  favorable 
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years,  water  penetrates  to  this  depth.  This  is  further  shown  by 
the  presence  of  the  leached  carbonates,  the  bottom  of  the  layer 
sometimes  being  4  feet  below  the  soil  surface. 

Hairy  Grama  (Bouteloua  hirsuta). — This  is  a  species  of  very 
wide  range  and  diverse  habit,  forming  a  sod  in  the  more  favorable 
situations  but  often  occurring  in  isolated  clumps.  It  is  even 
more  drought  resistant  than  blue  grama,  reaching  its  best 
development  on  stable  sandy  or  sandy  loam  soils.     The  rhizome 


Fig.  42. — Three-months-old  hairy  grama  grass  (Bouteloua    hirsuta).     Like    the 
blue  grama,  it  is  well  adapted  to  dry  soil. 


habit  is  conspicuous.  The  roots  spread  1  to  1.5  feet  or  more 
just  below  the  soil  surface,  although  this  habit  varies  with  soil 
type  and  moisture  conditions.  Roots  are  abundant,  exceedingly 
well  branched  with  delicate  laterals,  and  fill  the  soil  more  or 
less  completely  to  depths  of  at  least  2  to  3.5  feet  (Fig.  42). 

Buffalo  Grass  (Bulbilis  dactyloides). — Buffalo  grass,  like 
grama,  furnishes  excellent  forage  both  summer  and  winter,  the 
short  carpet  of  leafy  stems,  interwoven  with  stolons,  curing  on 
the  ground.  In  root  habit,  it  is  very  similar  to  grama  grass  and 
equally  well  adapted  to  dry  soils.     The  abundant,  tough,  wiry 
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roots,  often  arising  in  groups  of  3  to  10,  not  only  fill  the  soil 
below  the  sod  mat  but  usually  spread  12  to  18  inches  on  all 
sides.  Many  are  so  shallowly  placed  that  they  may  absorb 
when  only  an  inch  or  two  of  surface  soil  is  moist.  Others  pene- 
trate directly  downwards,  filling  the  first  2  to  3  feet  of  soil  with 
great  masses  of  finely  branched  roots.  The  deeper,  rather 
constantly  dry  soil  is  also  occupied  to  a  certain  extent  although 
absorption  must  occur  here  only  during  years  of  very  exceptional 
rainfall.  For  example,  in  the  buffalo-grama-grass  range  at 
Akron,  Colo.,  the  soil  below  2  feet  was  moist  only  once  in  9  years, 
while  during  several  years,  no  available  moisture  was  recorded 
in  the  second  foot.^^**  Very  similar  results  have  been  obtained 
at  Burlington,  Colo. 

Muhlenberg's  Ring  Grass  (Muhlenbergia  gracillima). — This 
grass  is  less  important  than  the  preceding.  It  has  a  mat-like 
growth,  with  very  short  stems  and  leaves  which  curl  during 
drought  like  those  of  buffalo  and  grama  grass.  Great  clusters  of 
fine,  much-branched  roots,  many  spreading  widely  near  the  soil 
surface,  completely  fill  the  soil  to  the  carbonate  layer,  frequently 
at  a  depth  of  about  2  feet,  while  a  few  penetrate  into  it. 

Wire  Grass  (Aristida  purpurea). — Where  the  soil  is  somewhat 
lighter,  owing  to  a  greater  proportion  of  sand,  water  penetration 
is  greater  and  wire  grass  occurs  in  the  short-grass  mat.  This 
species  quite  overtops  the  short  grasses,  being  8  to  16  inches 
high.  Its  roots  are  not  distributed  so  near  the  soil  surface,  nor  are 
they  so  fine  as  those  of  the  short  grasses  (Fig.  43).  Where  wire 
grass  occurs  in  any  abundance,  as  in  old  roads,  abandoned  fields, 
or  somewhat  sandy  soils,  it  clearly  indicates  areas  where  water 
penetration  is  deeper.  In  the  somewhat  sandy  wire-grass  areas, 
roots  of  cultivated  crops  may  develop  more  normally  than  in 
pure  short-grass  land.  Here,  drought  occurs  later  in  summer. 
Even  in  such  areas,  however,  the  plants  pass  into  a  drought-rest 
condition  usually  during  late  July  when  soil  water  is  exhausted. 

Root  Habits  of  Non-grassy  Species. — Since  the  preceding 
grasses,  with  others  of  similar  habits,  annually  absorb  nearly  all 
of  the  available  water,  relatively  few  other  herbs  are  present. 
Thus,  the  monotony  of  the  short-grass  cover,  especially  in  the 
drier  portions  of  the  short-grass  plains,  is  scarcely  interrupted. 
However,  numerous  shallow-rooted  annuals,  various  cacti,  and 
certain  legumes,  etc.,  occur  more  or  less  sparingly. 
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The  cacti  are  especially  well  fitted  for  growth  in  this  dry  region. 
Except  for  a  few  anchorage  roots,  the  whole  root  system  is  con- 
fined to  the  eight  inches  of  surface  soil.  The  root  habit  of  the 
Comanche  cactus  (Opuntia  camanchica)  is  representative  of  many 
species.  A  single  plant  may  have  over  20  roots  which  run  in  the 
surface  soil,  usually  at  a  depth  of  about  1  inch  and  seldom  deeper 


Fig.  43. — Wire  grass  (Aristida  purpurea)  from  the  short-grass  phiins. 

than  3  inches,  to  distances  varying  from  6  inches  to  6  feet.  They 
are  usually  branched  repeatedly  from  their  origin  to  their  extremi- 
ties with  both  large  and  small  branches  which  ramify  in  all 
directions  and  thus  furnish  an  enormous  absorbing  surface  (Figs. 
44  and  45).  They  benefit  even  from  the  water  furnished  l^y  light 
showers,  competing  vigorously  with  the  short  grasses.  Where 
overgrazing  occurs,  they  greatly  increase  in  number. 
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Fio.  44. — Top  view  of  surface  roots  of  Comanehe  cactus  (Opuntia  camanchica) . 
ycale  in  square  feet. 
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Ground  plum  (Astragalus  crassicarpu.s),  loco 
weed  {Aragallus  lamhertii),  and  wild  alfalfa 
(Psoralea  tenuijiora)  are  representative  legiunes. 
The  first  two  require  a  relatively  short  growing 
season  to  mature  seed.  All  possess  fairl}-  deep 
taproots  (Fig.  46).  They  occur  only  scatteringly 
where  the  short  grasses  deplete 
the  soil  of  moisture,  their  pres- 
ence usually  indicating  a  slight 
depression  where  water  runs  in, 
or  a  soil  disturbance  such  as  is 
occasioned  by  rodent  burrows. 
These  burrows  are  very  numer- 
ous throughout  the  short-grass 
plains  and  afford  an  entrance 
for  water  to  the  subsoil.  An 
abundance  of  legumes,  such  as 
wild  alfalfa,  indicates,  as  does 
wire  grass,  a  soil  of  looser  tex- 
ture and,  consequently,  greater 
water  penetration.  These  leg- 
umes depend  scarcely  at  all 
upon  the  first  foot  for  moisture 
but  branch  widely,  if  not  pro- 
fusely, in  the  second  to  fifth  foot  of  soil,  many 
roots  penetrating  even  deeper. 

Conditions  Indicated  for  Crop  Growth. — The 
short-grass  plains  is  the  last  frontier  of  agri- 
culture in  North  America,  and  the  problem  of 
land  utilization  is  an  important  one.  The  agri- 
cultural significance  of  the  vegetation  of  the 
short-grass  plains  is  very  distinct  from  that  of 
the  tall-grass  prairie.^  It  is  a  region  of  dry 
farming,  grazing,  and  crop  production  under 
irrigation.  Short  grasses  characterize  areas 
where,  each  year,  all  available  moisture  is  used 
by  the  plants,  the  supply  often  being  exhausted 
early  in  the  summer.  The  presence  of  a  car- 
bonate layer  at  a  depth  of  1  to  2  feet  indicates 


Fig.  4.5. — An- 
chorage roots  of 
cactus  shown  in 
Fig.  44. 


Fig.  46. — A  loco 
weed    {Aragallus 
lamhertii)  common  on  the  short-grass  plains.     Its  depth  of  penetration  is  char- 
acteristic of  many  legumes. 
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the  usual  depth  to  which  water  penetrates  and  delimits  the 
area  in  which  absorption  of  water  and  nutrients  usually  occurs. 
The  low  stature  of  the  plants  is  correlated  with  drought. 
Tall  grasses  with  leaves  exposed  on  elongated  stems  are 
not  so  well  fitted  to  withstand  desiccation,  nor  are  their  roots 
so  well  adapted  to  absorb  moisture  from  the  surface  few  inches 
of  soil.  Roots  fitted  for  surface  absorption  are  an  essential 
adaptation  of  plains  grasses.  In  fact,  when  either  buffalo  or 
grama  grass  grows  in  moist  soil,  this  root  character  almost 
entirely  disappears. 

Cultivated  plants  too,  when  grown  here,  must  adapt 
themselves  to  these  conditions,  although  the  removal  of  the  sod 
and  the  maintaining  of  a  cloddy  mulch  permits  somewhat  greater 
water  penetration.  Their  response  is  similar  to  that  of  the  native 
plants,  i.e.,  low  stature  and  shallow  but  widely  spreading  root 
systems.  These  are  much  more  profusely  branched  than  nor- 
mally, many  roots  occurring  just  beneath  the  surface  of  the  soil. 
Early  maturing  crops  like  winter  wheat,  although  of  uncertain 
but  sometimes  heavy  yield,  do  best.  Like  the  rapidly  maturing 
plains  grasses,  they  may  ripen  seed  before  the  soil  moisture  is 
exhausted.  Many  small  grains  and  short-season  corn  are  widely 
grown,  and  the  sorghums  are  well  represented  in  the  southern 
part  of  the  area. 

The  high  productivity  of  soil  and  subsoil  is  clearly  shown  where 
irrigation  water  is  applied.  In  the  moistened  soil,  abundant 
crops  of  alfalfa,  sugar  beets,  and  other  deeply  rooted  plants, 
under  the  otherwise  favorable  climate,  produce  excellent  yields.^"* 
Owing  to  the  uncertain  distribution  of  precipitation,  however, 
crop  production  without  irrigation  is  always  hazardous.  Much 
of  the  area  should  always  remain  unbroken  range  land.  Crops 
that  develop  late,  such  as  maize,  are  best  adapted  to  wire-grass 
land  or  other  areas  where  deeper  soil  moisture  is  indicated  by  the 
abundance  of  the  deeply  rooted  wild  alfalfa  and  other  legumes. 
Crop  roots  may  here  develop  more  normallj^  and,  during  favorable 
years,  like  those  of  the  native  species,  secure  enough  moisture  to 
escape  drjdng  out.  Increased  sandiness  of  the  soil  up  to  a  certain 
limit  is  very  favorable,  as  the  fertility  still  remains  quite  high. 
Such  areas,  most  extensive  on  the  eastern  border  of  the  short- 
grass  plains,  are  at  once  demarked  by  the  occurrence  of  deeply 
rooted  tall  grasses  which  thrive  on  the  water  penetrating  through 
the    surface  mats  of  short-grass  roots.     Here,   the  vegetation 
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merges  into  mixed  prairie,  and  possibilities  for  crop  production 
are  greatly  increased. 

THE  MIXED  PRAIRIE 

This  grassland  community  covers  a  wide  area  between  the  tall- 
grass  prairie  on  the  east  and  the  short-grass  plains  on  the  west. 
It  occupies  considerable  portions  of  eastern  and  central  Montana, 
central  and  western  North  and  South  Dakota,  eastern  Wyoming, 
and  the  central  parts  of  Nebraska  and  Kansas/'^  It  extends 
farthest  west  on  sandy  soils  which  permit  the  water  to  penetrate 
readily,  frequently  covering  isolated  sandy  areas  surrounded  by 


Fig.  47. — Mixed  prairie  in  north  central  Kansas.  Short  grasses  (buffalo 
and  grama  grasses)  in  the  foreground  intermixed  with  or  forming  a  layer  under 
the  bluestems  and  other  tali  grasses  over  the  rest  of  the  area. 

short  grasses.  Pure  short-grass  cover  extends  farthest  east  on 
heavy  clay  soils  into  which  water  penetrates  slowly,  a  condition 
unfavorable  for  deeply  rooted  tall  grasses.  Mixed  prairie  is 
limited  on  the  east  by  increased  soil  moisture  sufficient  to  support 
a  continuous  growth  of  tall-grass  vegetation  which  shades  out  the 
under  story  of  short  grasses.  ^^ 

The  most  significant  difference  from  tall-grass  prairie  is  the 
almost  universal  presence  of  one  or  more  short  grasses  or  sedges  as 
a  lower  layer  under  the  taller  prairie  species.     The  tall  grasses  are 


ROOT  HABITS  OF  NATIVE  PLANTS  119 

thus  intimately  mixed  with  the  shorter  ones.  In  lowlands  of 
greater  water  content,  the  tall  grasses  dominate;  on  dry  hilltops, 
they  may  almost  completely  give  way  to  short  grasses.  But  over 
the  area  as  a  whole,  the  medium  water  relations  limit  the  growth 
of  the  tall  grasses  which  frequently  resort  to  the  bunch  habit, 
short  grasses  occupying  the  interspaces  (Fig.  47).  On  the  west- 
ern and  southern  borders,  soil  moisture  is  usually  entirely 
exhausted  by  midsummer  and  the  subsoil  is  always  dry.  Here, 
the  carbonate  layer  varies  from  20  to  30  inches  in  depth.  During 
July,  the  plants  pass  into  a  drought-rest  condition  from  which 
they  may  be  revived  by  occasional  showers.  But  where  the 
deeper-rooted,  later-blooming  andropogons  form  the  upper  story, 
this  occurs  less  frequently,  and  through  periods  of  wetter  years, 
the  subsoil  may  be  permanently  moist.  However,  no  moisture 
is  lost  to  the  vegetation  by  percolating  beyond  the  root  depth. 
This  is  shown  by  the  presence,  even  on  well-drained  silty  or 
clayey  soils,  of  a  layer  of  carbonate  accumulations  at  a  depth  of 
5  to  6  feet,  rainfall  not  affording  enough  moisture  to  percolate 
through  and  carry  it  away.  With  increasing  water  penetration, 
the  carbonate  layer  becomes  deeper  and  in  the  tall-grass  prairie 
entirely  disappears. 

Many  species  of  both  adjacent  grassland  communities  are 
represented.  Among  the  most  important  tall  grasses  are  wheat 
grasses,  needle  grasses,  June  grass,  little  bluestem,  and  wire  grass. 
The  short-grass  layer  is  made  up  largely  of  buffalo  grass,  blue  and 
hairy  grama,  and  certain  grass-like  sedges. 

Western  Wheat  Grass  (Agropyron  smithii). — This  species  is 
well  fitted  to  compete  with  the  short  grasses  and  occurs  over 
extensive  areas.  Its  excellent  rhizomes  and  abundant  roots 
produce  a  dense  sod.  If  at  all  abundant,  it  is  an  indicator  of 
deep  soil  moisture,  but  in  thin  stands  and  as  dwarfed  individuals, 
it  occurs  in  rather  dry  situations.  Height  growth  is  closely 
related  to  the  water  supply.  During  years  of  drought,  it  makes 
little  or  no  growth,  and  the  whole  area  may  appear  to  be  dom- 
inated by  short  grasses.  But  during  years  of  normal  or  more 
than  normal  rainfall,  the  developing  wheat  grass  has  the  appear- 
ance of  thinly  planted  fields  of  waving  grain  and  yields  much  hay, 
the  short  grasses  forming  a  mat-like  cover  over  the  ground 
beneath.  The  numerous  roots  spread  but  little  in  moist  soils 
but  rather  extensively  in  drier  ones.  Many  penetrate  vertically 
downward,  branching  profusely  (Fig.  48).     The  depth  of  pene- 
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Fiu.  48. — Roots  and  rhizomes 
of  western  wheat  grass  (Agroj^yron 
smithii). 


tration  varies  with  the  presence  of 
subsoil  moisture  from  4.5  to  over 
8  feet.  It  is  of  great  interest  that 
the  behavior  of  the  roots  of  wheat, 
in  these  respects,  is  very  similar  to 
that  of  wheat  grass. 

Needle  Grass  (Stipa  comata). — 
Needle  grass  is  widely  distributed 
throughout  the  mixed-prairie 
region.  It  is  a  tall  grass  with  the 
bunch-forming  habit.  Many  of 
the  exceedingly  numerous  fibrous 
roots  run  at  various  oblique  angles, 
some  of  them  having  a  lateral 
spread  of  more  than  18  inches  from 
the  base  of  the  plant.  Others 
penetrate  more  or  less  vertically 
downward,  reaching  depths,  which 
vary  with  subsoil  moisture,  of  3.5 
to  5  feet.  Beginning  at  the  very 
surface  of  the  soil,  the  roots  are 
clothed  with  relatively  short  but  ■ 
well-branched  laterals,  great 
masses  of  absorbing  rootlets  occur- 
ring in  the  surface  2  to  3  feet  of 
soil  (Fig.  49).  Thus,  western 
needle  grass  is  provided  with  a 
much  finer,  more  branched,  and 
more  widely  spreading  root  system 
than  its  sister  species  of  the  tall- 
grass  prairie.  It  is  therefore  more 
successful  in  competition  with  short 
grasses. 

Little  Bluestem  (Andropogon 
scoparius). — This  species  is  a  domi- 
nant in  tall-grass  prairie  and  is 
also  an  important  mixed-prairie 
species.  Its  wide  range  can  be 
largely  explained  by  a  consider- 
ation of  its  excellent  and  plastic 
root  sj^stem,  its  methods  of  propa- 
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gation,  and  its  sod-  and  bunch-forming  habits.  Its  devel- 
opment in  the  moist  subsoil  of  tall-grass  prairie  has  been 
described  (p.  97).  In  the  drier  mixed  prairie,  surface  branch- 
ing and  lateral  spread  are  pronounced.  Here,  some  roots  spread 
laterall}'  nearly  parallel  with  the  soil  surface  but  more  often  some- 


FiG.  49. — Roots  of  needle  grass  (Stii)a  comala),  nearlj-  5  feet  in  length. 

what  obliquely  downward  to  distances  of  12  to  15  inches  before 
turning  directly  downwards.  These,  with  the  more  or  less 
verticall}^  descending  roots,  form  a  dense  sod,  and  the  soil  is  filled 
with  finely  branched  rootlets  to  depths  varying  from  3.5  to 
4.5  feet.     Many  of  the  branches  are  over  2.5  feet  long  and  are 
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rebranched  to  the  third  and  fourth  order.  Profuse  branching 
occurs  to  the  root  ends  which  in  dry  soil  form  veritable  mats  of 
rootlets,  some  extending  to  depths  of  5  to  6  feet. 

Wire  Grass  (Aristida  purpurea). — The  roots  of  wire  grass 
(Fig.  43)  likewise  vary  under  different  conditions  of  environment. 
In  mixed  prairie  they  are  usually  deeper  (about  4  feet)  than  those 
growing  as  isolated  clumps  in  the  hard  soils  of  the  short-grass 
plains  where  the  dwarfed  plants  absorb  mostly,  if  not  entirely,  in 
the  2  to  3  feet  of  surface  soil.  Where  the  soil  contains  more  sand, 
lateral  surface  spreading  and  branching  are  more  pronounced. 

Short  Grasses  and  Sedges. — As  regards  the  short-grass  layer, 
all  of  its  constituent  species  absorb  at  greater  depths  in  mixed 
prairie  than  is  normally  possible  in  the  short-grass  plains. 
Buffalo  grass  produces  great  mats  of  roots  to  depths  of  3.5  to  5 
feet,  while  roots  are  frequently  found  in  the  sixth  and  seventh  foot 
of  soil  (Fig.  50) .  As  subsoil  moisture  becomes  more  abundant,  the 
lateral  spread  in  the  shallower  soil  layers  becomes  less  and  less 
pronounced.  This  is  true,  also,  of  the  hairy  and  blue  grama 
grasses.  In  areas  with  dry  subsoil,  a  surface  lateral  spread  of  1  to 
2  feet  on  all  sides  of  the  clump  is  not  uncommon,  but  this  portion 
of  the  root  system  fails  to  develop  where  water  is  more  plentiful 
in  the  deeper  soil.  Blue  grama  is  not  so  deeply  rooted  as  buffalo 
grass  but  may  absorb  to  depths  of  over  4  feet  when  competing 
with  wheat  grass  or  other  deeply  rooted  tall  grasses. 

Sod-forming  species  of  Carex  are  similar  to  short  grasses  in 
aboveground  development  and  in  root  habit,  and  sometimes  play 
a  role  of  almost  equal  importance.  They  are  important  range 
species,  since  they  furnish  considerable  forage  early  in  the  spring 
before  many  of  the  grasses  have  resumed  growth.  "Nigger 
wool"  {Carex  fill  J  olio),  for  example,  has  tough,  black,  wiry  roots 
which  bind  the  surface  soil  so  firmly  that  new  roads  through  the 
grassland  are  very  rough  for  a  long  time  until  the  root  clumps  are 
penetrated.  The  roots  seldom  descend  vertically  but  run 
obliquely  away  from,  as  well  as  under,  the  plant,  forming  a 
great  tangled  mat  to  a  depth  of  1.5  feet.  Some  of  the  longer 
roots  spread  2.5  feet  in  the  surface  6  inches  of  soil.  They  are 
often  abundant  to  4  feet  in  depth,  and  some,  ending  in  brush-like 
branches,  terminate  in  the  fifth  foot  of  soil. 

Root  Habits  of  Non-grassy  Species. — Since  competing  tall 
and  short  grasses  reduce  the  soil  moisture  of  mixed  prairie  more 
completely  than  does  the  vegetation  of  tall-grass  prairie,  other 
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Fig.  50. — Typical    root    development   of  buffalo  grass   {Bulbilis  dactyloides)   in 

mixed  prairie. 
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Fig.  51. — A  portion  of  the  root  system  of  psoralea  (Psoralca  tenuiflora).     It  is 
not  adapted  to  absorb  from  the  surface  soil. 
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plants  are  usually  less  abundant.  This  is  particularly  true  in 
the  drier  portions  of  the  mixed-prairie  area.  However,  the  more 
drought-resisting,  non-grassy  herbs  of  tall-grass  prairie,  as  well 
as  species  from  the  short-grass  plains,  are  quite  common,  even  if 
less  abundant.  Practically  all,  except  the  short-rooted  June 
grass,  cacti,  and  certain  short-lived  annuals,  absorb  below  the 
second  foot  of  soil.  The  rather  abundant  legumes  (loco  weeds, 
ground  plums,  prairie  clovers,  etc.)  are  characteristically  deep- 
rooted,  usually  depending  little  upon  absorption  in  the  surface 
foot  (Fig.  51).  The  same  is  true  of  the  composites  (goldenrods, 
asters,  sages,  brownweed)  as  well  as  such  conspicuous  species  as 
yucca,  milk  pink,  and  prickly  poppy.  Working  depths  of  5  to  9 
feet  are  frequent  (Fig.  52). 

Root  Habits  of  Sandhill  Plants. — In  very  sandy  soil,  little  or  no 
precipitation  is  lost  in  run-off,  water  penetrates  readily  to  great 
depths  and  a  dr}'  sandy  mulch  effectively  retards  evaporation. 
Here  occur  the  characteristically  deep-rooted,  sandhill  grasses 
and  accompanying  herbs. 

Blow-out  Grass  (Redfieldia  flexuosa). — This  species  roots  at 
depths  of  5  to  7  feet.  The  tough,  wiry,  much-branched  rhizomes, 
sometimes  20  to  40  feet  or  more  in  length,  extend  in  all  directions, 
and  with  the  multitudes  of  roots  originating  from  them,  which 
Hkewise  run  in  every  direction,  some  spreading  laterally  4  to  5 
feet,  form  a  tangle  which  is  exceedingly  efficient  in  preventing 
soil  blowing  (Fig.  53). 

Sand  Reed  Grass  (Calamovilfa  longifolia) . — Sand  reed  grass  has 
strong  rhizomes,  sometimes  intermixed  with  roots  in  shifting 
soils  to  depths  of  2.5  feet.  Usually  the  roots  penetrate  to  depths 
of  6  to  10  feet.  IMultitudes  of  short  but  repeatedly  branched 
laterals  fit  it  remarkably  well  for  absorption  throughout  its  entire 
extent,  the  surface  soil  being  occupied  by  many  widely  spreading 
rootlets. 

Sandhill  Bhiestem  {Andropogon  hallii). — This  bluestem  has  a 
wonderfully  branched  and  extensive  root  system  which  thor- 
oughly ramifies  the  sandy  soil  from  near  the  surface  to  depths  of 
7  to  10  feet  (Fig.  54).  Thus,  the  fairly  dry  but  deep,  well- 
aerated  soil  of  low  nutrient  content  is  conducive  to  deep  root 
development,  wide  lateral  spread,  and  very  profuse  branching. 

Little  Bhiestem  (Andropogon  scoparius). — Along  with  the 
sandhill  bluestem  and  numerous  other  species  of  more  stable 
sandy  loams,  bunches  of  little  bluestem  may  reach  a  diameter  of 
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Fig.  52. — Brownweed  {Gutierrczia  sarothrae).     Like  buffalo  and  grama  grasses, 
it  is  well  adapted  to  secure  water  when  light  showers  wet  only  the  surface  soil. 
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1.5  to  2  feet.  The  roots  spread  widely  on  all  sides  of  the  clump, 
some  to  distances  of  over  3  feet  in  the  surface  6  inches  of  soil. 
Some  of  the  deeper  oblique  roots  send  up  more  or  less  vertical 
branches  which  end  near  the  soil  surface.     While  many  of  the 


roots  run  out  obliquely  at  all  angles  between  the  vertical  and 
horizontal  and  thus  furnish  an  excellent  surface-absorbing 
system,  others  penetrate  straight  downward.  These,  with  the 
oblique  roots,  which  often  turn  downward  and  reach  a  depth  of 
several  feet,  provide  for  absorption  in  the  deeper  soil.     Branch- 
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Fig.  54. — Root  system  of  sandhill  bluestem  {Androjjogon  hallii). 
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ing  is  very  profuse  throughout,  the  root  ends  usually  being  well 
supplied  with  branches.  This  species  absorbs  to  depths  of  6 
to  8  feet. 

Other  Sandhill  Species. — Various  sandhill  sages  absorb  to 
depths  of  8  to  10  feet,  and  legumes  and  pentstemons  to  soil 
levels  almost  or  quite  as  deep.  Many  composites  are  likewise 
deeply  rooted,  and  the  bush  morning-glory,  roses,  and  certain 
other  species  grow  even  deeper  (Fig.  55). 

Of  45  mixed-prairie  species  characteristic  of  sandhills,  only 
9  per  cent  have  roots  confined  to  the  surface  foot  or  two  of 
soil;  18  per  cent  have  few  or  no  roots  which  carry  on  absorption 
in  this  area,  and  73  per  cent  of  the  species  are  supplied  with  an 
absorbing  system  of  such  a  character  as  to  get  water  and  solutes 
from  both  the  shallower  and  deeper  soil  layers. 

Only  11  per  cent  of  the  mixed-prairie  species  on  non-sandy 
lands  are  shallow-rooted,  28  per  cent  have  little  or  no  provision 
for  surface  absorption,  while  61  per  cent  are  fairly  deeply  rooted 
and  well  adapted  to  absorb  water  when  the  surface  soil  only  is 
moist.  Smaller  absorbing  rootlets  are  somewhat  better  developed 
in  sandy  soil,  but  excellent  development  of  surface-absorbing 
rootlets  is  marked  in  both  groups. 

Conditions  Indicated  for  Crop  Growth. — Since  the  silt  and 
fine  sandy  loam  soils  of  tall-grass  prairie,  short-grass  plains,  and 
mixed  prairie  are  all  very  rich,  differences  in  root  habit  must 
be  due  to  other  factors  than  nutrients.  Soil  temperatures  are 
very  similar  in  the  three  communities,  and  soil  aeration  excel- 
lent in  all.  Therefore,  the  most  important  and  determining 
factor  in  root  variation  is  water  content  of  soil.  The  presence  of 
short  grasses,  with  their  root  sj^stems  excellently  distributed  for 
surface  absorption,  together  with  the  marked  development  of  the 
shallower  portion  of  the  root  system  of  many  of  the  taller  ones, 
points  at  once  to  their  dependence  upon  moisture  afforded  the 
surface  soils  by  light  showers.  The  great  masses  of  finely 
branched  roots  of  both  tall  and  short  grasses  occurring  in  the 
deeper  soils  indicate  available  water  content  at  these  levels  also. 
But  the  absence  of  a  continuous  cover  of  tall  grasses  shows  at 
once  a  periodic  deficiency  in  the  water  supply.  The  less  abun- 
dant the  late  maturing  tall  grasses  (under  conditions  undisturbed 
by  grazing  or  otherwise)  and  the  more  abundant  those  of  a  shorter 
growing  season,  the  greater  is  the  probability  of  midsummer  soil 
water  exhaustion  and  crop  failure. 
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Fig.  55. — A  portion  of  the  underground  parts  of  a  sandhill  legume   (Psoralea 
lanceolata).      Note  the  alnindance  of  tubercles  at  a  depth  of  7  feet. 
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It  is  through  the  mixed  prairie  that  the  highly  productive 
farm  lands  of  the  tall-grass  prairie  give  way  to  the  less  productive 
ranch  lands  of  the  short-grass  plains.  Corn  growing  becomes 
less  important,  listing  becomes  a  common  farm  practice,  and 
the  relative  acreage  of  wheat  is  greatly  increased.  Timothy 
and  clover  give  way  to  wild  grasses  and  alfalfa ;  the  carrying  capac- 
ity of  pastures  gradually  decreases.^  Water  content  of  soil  is 
the  controlling  factor.  Here,  crops  root  at  intermediate  depths, 
varying  locally  with  seasonal  distribution  of  moisture,  but  relying 
less  largely  upon  absorption  from  the  surface  foot  than  in  the 
short-grass  plains  and  more  upon  moisture  in  the  deeper  soil. 

In  soil  that  is  intermixed  with  sand,  which  is  not  so  abundant 
as  greatly  to  reduce  productivity,  crops,  like  native  plants,  may 
root  more  deeply  and  produce  a  fair  yield  even  during  years  of 
moderate  drought.  During  normal  and  exceptionally  favorable 
years,  larger  yields  are  obtained  on  the  silt  loam  and  clayey  soils. 

ROOT  HABIT  AND  CROPS  IN  THE  GRASSLAND 
OF  THE  PACIFIC  NORTHWEST 

It  is  of  great  interest  that  the  grassland  of  southeastern 
Washington  and  northern  Oregon  occupied  areas  now  yielding  a 
notably  high  production  of  the  smaller  cereals,  particularly  spring 
and  winter  wheat.  This  is  a  region  of  moderate  winter  and  low 
summer  precipitation.  The  silt  loam  soils  are  usually  deep  and 
have  a  high  water-retaining  capacity.  In  early  summer,  the 
surface  soil  layers  lose  all  their  available  water,  a  fact  indi- 
cated by  the  early  maturing  of  certain  shallow-rooted  grasses. 
As  the  season  advances,  drought  occurs  in  the  deeper  soil,  the 
subsoil  usually  being  quite  thoroughly  depleted  of  its  moisture. ^^* 
Wheat  bunch  grass  (Agropyron  spicatntn),  the  most  important 
species,  is  a  sod  former  in  the  better  watered  areas  but  resorts  to 
the  bunch  habit  over  much  of  its  range.  It  matures  early,  dries 
out  in  July,  and  renews  growth  upon  the  advent  of  the  autumn 
rains.  Little  provision  is  made  for  absorption  in  the  surface  soil, 
the  root  system  penetrating  to  about  4  feet.  Many  of  the  other 
species  absorb  in  the  first  4  to  6  feet  of  soil ;  a  few  penetrate 
deeper.-^*  Nearly  all  mature  by  midsummer,  late-blooming 
grasses  being  noticeably  absent.  Thus,  the  root  habits  as  well  as 
the  aboveground  behavior  of  the  vegetation,  and  especially  as 
regards  the  dominant  wheat  grass,  indicate  a  set  of  environmental 
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conditions  which,  by  actual  farm  practice,  has  been  shown  to 
be  very  favorable  to  the  growth  of  wheat. 

ROOT  STUDIES  IN  OTHER  REGIONS 

As  already  pointed  out,  practically  no  studies  have  been  made 
on  the  root  habits  of  native  species  in  other  crop-producing 
regions.  For  example,  we  are  almost  totally  ignorant  of  root 
behavior  in  our  eastern  forests.  But  enough  work  has  been  done 
on  shrub-land  species,  such  as  coralberry  (Sijmphoricarpos  st/ni- 
phoricarpos) ,  sumac  (Rhus  glabra),  and  hazel  (Corylus  americana), 
which  fringe  these  forests,  to  show  that  they,  like  the  species  of 
tall-grass  prairie,  are  very  deeply  rooted  and  occupy  soils  of 
good  water  content  and  usually  of  high  productivity. 

SUMMARY 

The  native  plant  cover  integrates  the  environmental  complex 
of  a  region  and,  when  interpreted  in  terms  of  the  behavior  of  its 
dominant  species,  indicates  in  a  general  way  how  crops  are  likely 
to  develop  when  grown  in  the  area.  Where  water  content  of 
soil  is  the  chief  limiting  factor  to  growth,  a  knowledge  of  root 
extent  and  the  length  of  the  growing  period  are  important 
factors.  The  luxuriance  and  diversity  of  the  vegetation  are  also 
good  indicators  of  crop  possibilities.  The  deep-rooting  habit, 
long-growing  season,  variety,  and  luxuriance  of  tall-grass  prairie 
species  all  indicate  favorable  moisture  conditions  in  soil  and 
subsoil  throughout  the  entire  summer.  It  is  here  that  many 
cultivated  plants  make  their  largest  yields.  Likewise,  the 
shallow-rooted  plants  of  the  less  diversified  and  relatively  scanty 
vegetation  of  the  short-grass  plains,  together  with  their  shorter 
period  of  growth,  indicate  clearly  less  favorable  or  even  hazardous 
conditions  for  crop  production.  The  development  of  both  native 
vegetation  and  crops  is  intermediate  in  the  broad  intervening 
area  of  mixed  prairie.  The  indicator  significance  of  the  root 
habits  of  native  plants  is  thus  of  much  practical  value. 


CHAPTER  V 


ROOT  HABITS  OF  WHEAT 


Wheat  {Triticum)  is  an  annual.  But  under  our  climate  and 
cultural  conditions,  there  are  two  seasonal  forms,  viz.,  spring 
wheat,  which  is  a  summer  annual,  and  fall  or  winter  wheat,  a 
winter  annual.  Both  have  a  fibrous  root  system  which  pene- 
trates deeply  into  the  subsoil.  That  of  winter  wheat,  perhaps 
because  of  the  longer  season  for  growth,  is  more  extensive.  Upon 
germination  of  the  grain,  the 
primary  root  takes  the  lead,  but 
very  soon,  two  other  roots 
appear  on  opposite  sides  of  the 
first.  To  this  whorl  of  three, 
still  others  may  be  added,  and 
together  they  constitute  the 
primary  root  system.  In  some 
cases,  there  may  be  as  many  as 
eight  roots.  ^"^"^  Early  in  the 
development  of  the  plant,  roots 
of  the  secondary  root  system,  grow 
from  nodes  above  the  primary 
one.  The  first  whorl  of  roots 
of  the  secondary  root  system 
always  develops  within  an  inch 
or  two  of  the  soil  surface.  The 
number  of  roots  increases  some- 
what in  proportion  to  the  num- 
ber of  tillers  ^ig.  56. — Marquis    spring    wheat  31 

days  old. 


SPRING  WHEAT 

The  development  of  Marquis  spring  wheat  {Triticum  aestivum) 
has  been  studied  in  detail  both  in  upland  and  lowland  silt  loam 
soil  in  eastern  Nebraska. 

Early  Development.— On  May  1,  a  month  after  planting  and 
when  the  second  leaf  was  half  grown,  a  typical  root  system  was 
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drawn  (Fig.  56).  The  number  of  roots  varied  from  three  to  eight. 
Lateral  roots  were  fairly  abundant  but  entirely  unbranched. 
The  greatest  lateral  spread  was  5  inches  and  the  working 
depth  or  working  level  {i.e.,  a  depth  to  which  many  roots  pene- 


Wheat  45  days  old. 


trate  and  to  which  depth  considerable  absorption  must  take 
place),  6.5  inches.  Compared  with  the  shoot  development,  the 
plant  had  made  an  excellent  growth  underground. 

A  plant  45  days  old  is  shown  in  Fig.  57.  During  the  15-day 
interval  since  the  first  examination,  two  tillers  and  four  or  five 
new  roots  had  developed  on  most  of  the  plants.     Young  roots 
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Fig.  oS. — Wheat  GO  clays  old. 
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Fig.    59.— Whe.-it    at     the 
blossoming. 


time    of 


only  1  to  2  inches  long  were 
frequent.  Thus,  the  balance 
between  transpiration  and 
absorption  was  well  maintained. 
Lateral  spread  had  increased  4 
inches  and  working  level  about 
3.5  inches.  Moreover,  lateral 
branches  were  much  longer  and 
secondary  branches  were  begin- 
ning to  appear.  The  slow  rate 
of  growth  is  shown  by  the  fact 
that  wheat  planted  in  the  same 
field  on  May  5  had  a  more 
advanced  growth  when  only  25 
days  old. 

Half-grown  Plants. — Fifteen 
days  later  when  the  plants  were 
2  months  old,  the  root  habit  was 
again  examined  (Fig.  58).  The 
crop  was  now  8  inches  high  and 
the  parent  stalks  had  four  to  six 
leaves.  Tillering  had  increased, 
and  about  five  new  roots,  on  an 
average,  had  been  added  to  the 
secondary  root  system.  The 
lateral  spread  had  increased  but 
slightly.  Many  roots  had  pene- 
trated deeper,  however,  and 
others  had  spread  obliquely 
downward  and,  with  the  increase 
both  in  number  and  length  of  lat- 
erals, had  begun  to  fill  in  the  soil 
volume  already  delimited  at  the 
earlier  stage.  The  roots  had 
deepened  the  working  level  to 
1.5  feet,  an  increase  in  depth  of 
about  10  inches. 

Mature  Root  System. — Fur- 
ther studies  on  June  20,  when  the 
crop  was  in  blossom,  revealed 
marked  differences.     The  plants 


BOOT  HABITS  OF  WHEAT  137 

were  2.2  feet  tall,  but  the  root  sj'stem  reached  a  maximum 
depth  (4.8  feet)  which  was  more  than  twice  as  great  as  the  height  "" 
of  the  shoot.  During  these  last  20  days,  there  had  occurred  a 
marked  development  of  roots  (Fig.  59).  The  working  level  was 
at  3  feet;  the  lateral  spread  had  increased  to  a  maximum  of  12  -' 
inches.  A  vast  network  of  rebranched  laterals  occupied  a  vol- 
ume of  soil  extending  approximately  10  inches  on  all  sides  of  the  i 
plant  and  to  a  depth  of  2  to  3  feet.  The  total  number  of  roots 
varied  from  20  to  25  according  to  the  number  of  tillers.  Many  of 
these  were  more  superficially  placed  than  those  in  the  earlier 
stages  of  development,  running  rather  horizontally  or  obliquely  • 
and  ending  in  the  surface  3  to  8  inches  of  soil.  In  the  surface  2 
feet  especially,  laterals  were  exceedingly  abundant,  usually  5  to 
9  occurring  on  an  inch  of  root  length.  Many  of  these  were  short, 
and  few  exceeded  a  length  of  4  inches.  Secondary  laterals  were 
not  abundant.  In  the  second  foot,  the  branches  were  mostly  less 
than  1  inch  in  length.  Below  2  feet,  branching  was  somewhat 
less  pronounced,  and  in  the  fourth  and  fifth  foot,  numerous  roots 
were  characterized  by  unbranched,  very  short  laterals.  The  fact 
that  some  root  ends  were  without  branches  for  a  distance  of  sev- 
eral inches  from  the  tips  showed  that  growth  was  not  yet  complete. 

A  final  examination,  a  few  days  after  harvesting  on  July  15, 
showed  no  great  change  in  root  development.  The  roots,  except 
the  deepest  ones,  were  somewhat  shrivelled  and  more  brittle. 
Depth  and  lateral  spread  had  increased  only  slightly.  The  crop 
on  the  lowland  was  4  inches  taller  and  better  developed  than  that 
on  the  upland  and  the  working  level  of  the  roots  6  inches  deeper. 
No  marked  differences  were  found  in  the  branching  habit  or 
extent  of  lateral  spread.  As  a  whole,  the  root  system  of  wheat 
is  a  little  finer  and  somewhat  more  extensive  than  that  of  oats 
(p.  170). 

Root  Variations  under  Different  Soils  and  Climates. — A  crop 
from  the  same  lot  of  seed  was  grown  in  mellow,  fine  sandy  loam 
soil  at  Phillipsburg,  in  north  central  Kansas.  Here,  the  annual 
precipitation  is  only  23  inches.  But  probably  owing  to  11  inches 
excess  precipitation  the  preceding  year,  the  mellow  loess  subsoil 
was  quite  moist  beyond  the  maximum  root  penetration,  5.8  feet. 
The  working  level,  lateral  spread,  degree  of  branching,  etc., 
were  about  the  same  as  described  for  Lincoln,  in  eastern  Nebraska. 
The  following  season,  both  working  level  and  maximum  penetra- 
tion were  somewhat  less. 
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Wheat  was  also  grown  in  the  hard,  fine  sandy  loam  soil  of  the 
short-grass  plains  at  Burlington,  Colo.  Here,  the  17  inches  of 
annual  precipitation  moistens  the  soil  to  a  depth  seldom  greater 
than  2.5  feet.  Moreover,  cold  nights  in  early  spring  delay  crop 
development,  while  later  drought  dwarfs  the  plants.  Marquis 
spring  wheat,  grown  on  land  that  had  been  broken  for  2  years, 
reached  a  height  of  only  1.7  feet,  notwithstanding  that  the  season 
was  unusually  favorable  for  crop  growth.  The  mature  root 
system  was  confined  entirely  to  the  first  2.7  feet  of  soil,  since  no 
available    water    occurred    deeper.     Not    infrequently,     roots 


Fig.  60. — '^Tieat  roots  showing  normal  differences  in  branching  at  Lincoln,  L; 
and  Burlington,  B;  1,  at  depth  of  1.5  feet;  2,  root  ends. 

extended  laterally  10  to  12  inches  only  6  inches  below  the  surface. 
The  maximum  lateral  spread  exceeded  that  of  plants  grown  fur- 
ther east,  and  the  entire  root  system  was  more  profusely  branched. 
Thus,  the  roots,  although  more  shallow  than  normal,  were  well 
adapted  to  extract  water  and  solutes  from  these  surface  soil 
layers  of  low  water  content.  The  marked  difference  in  the 
degree  of  branching  here  and  in  eastern  Nebraska  is  shown  in 
Fig.  60.  During  the  next  season,  these  findings  were  confirmed, 
the  root  system  being  slightly  less  extensive. 

Investigations  at  Limon,  Colo.,  another  station  in  the  short- 
grass  plains,  gave  similar  results.  The  dry  soil,  watered  by 
light   showers,    stimulated   the   development   of   an   intricately 
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branched  and  extensive  surface-absorbing  system  at  the  expense 
of  depth  of  penetration.  In  this  widely  spreading,  surface- 
rooting  habit,  the  crop  behaved  Hke  the  native  grama  and  buffalo 
grasses. 

A  variety  of  red  spring  wheat  on  the  short-grass  plains  at 
Flagler,  Colo.,  was  found  to  have  a  root  system  almost  identical 
with  that  of  the  Marquis  variety.  The  tops  were  2.5  feet  tall. 
The  roots  extended  to  a  similar  depth,  where  dry  soil  prevented 
their  further  development.  Lateral  spread  was  marked  and 
branching  was  profuse. 

In  the  mellow  loess  soil  along  the  Missouri  River  at  Peru, 
Nebr.,  the  shallower  portion  of  the  root  system  of  Marquis  wheat 
was  not  highly  developed.  But  the  part  fitted  to  absorb  in  the 
deeper  soil  made  a  vigorous  growth,  having  a  working  level  of 
4  feet.     Many  roots  penetrated  deeper,  a  few  to  6.7  feet. 

Durum  wheat  {Triticum  durum)  was  also  grown  at  Peru. 
Compared  to  other  cereals,  it  has  a  rather  meager  surface-feeding 
system  at  maturity.  Usually,  this  consisted  of  six  to  eight 
(rarely  more)  roots  that  extended  out  in  an  almost  horizontal 
direction  from  2  to  14  inches.  They  usually  ended  only  4  to  7 ' 
inches  below  the  soil  surface.  The  primary  roots,  accompanied 
by  others,  however,  ran  vertically  downward  or  downward  and 
outward,  pursuing  a  more  or  less  zigzag  course.  The  soil  was 
especially  well  filled  with  roots  to  the  fourth  foot,  many  also 
occurred  in  the  fifth  and  sixth  foot,  and  several  extended  even 
deeper.  Maximum  penetration  was  7.4  feet.  Examinations  at 
several  periods  during  its  growth  showed  clearly  that  the  root 
system  developed  in  correlation  with  the  aboveground  parts, 
for  it  was  only  in  this  way  that  the  increasing  demands  of  the 
developing  shoot  for  water  and  nutrients  could  be  met. 

Variations  in  Root  Habit  under  Irrigation. — Marquis  spring 
wheat  was  grown  in  dry  land  and  in  irrigated  soil  at  Greeley, 
Colo.  ^"■^  Since  the  precipitation  is  only  13  inches  annually,  irriga- 
tion is  widely  practiced.  The  fine  sandy  loam  soil  in  the  several 
plots  was  of  very  similar  physical  and  chemical  composition. 
The  wheat  plots  were  treated  alike  as  regards  seed-bed  prepara- 
tion, time  and  rate  of  seeding,  etc.,  except  that  the  irrigated 
plots  had  been  fertilized  uniformly  with  5  tons  of  barnyard 
manure  per  acre. 

Early  Development. — Root  development  on  May  10,  when  the 
crop  wasVbout  6  weeks  old  and  in  the  fourth  leaf  stage,  is  shown 
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in  Fig.  61.  The  roots  in  irrigated  soil  developed  quite  normally. 
In  the  dry  land,  the  available  water  in  the  second  foot  of  soil  was 
almost  exhausted.  Hence,  the  roots  were  mostly  confined  in 
their  distribution  to  the  surface  12-inch  layer.  The  number  of 
roots  and  branches  was  about  the  same  in  both  cases,  but  the 
branches  averaged  considerably  longer  in  the  dry  land. 

Half-grown  Plants. — A  month  later,  although  a  small  amount 
of  water  was  available  in  the  second  foot  of  soil,  the  dry-land 
crop  was  only  13  inches  high  and  showed  distinct  signs  of  suf- 
fering from  drought.     The  plants  had  only  one  or  two  tillers  each. 


Fig.  61. — Root  sj'stem  of  Marquis  spring  wheat  6  weeks  old:  A,  in  dry  land; 

B,  under  irrigation. 

The  irrigated  plants  were  21  inches  tall  and  had  about  twice  as 
many  tillers.  Differences  in  root  habit  were  very  striking  (Fig. 
62).  The  wider  spread,  longer  primary  branches,  and  the  much 
greater  number  of  secondary  and  tertiary  laterals  in  the  drier 
soil  are  clearly  evident.  The  network  of  roots  just  beneath 
the  soil  surface  afforded  an  efficient  means  of  securing  water  fur- 
nished by  light  showers.  But  many  of  these  roots  had  died  from 
drought,  and  growth  was  greatly  retarded.  Under  irrigation, 
lateral  spread  was  much  less  developed,  but  the  root  system 
extended  very  much  deeper.  Maximum  penetration  in  the  two 
cases  was  31  and  65  inches,  respectively. 

Mature  Root  Sijstefns. — A  final  examination  was  made  when 
the  crop  was  nearly  ripe.  The  very  meager  rainfall  during  the 
interval  since  the  last  examination  was  entirely  dissipated  in 
several  light  showers,  and  the  soil  in  the  dry  land  had  become 
progressively  drier.     Here,  the  wheat  was  only  15  inches  tall. 
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Only  about  half  of  the  plants  were  furnished  with  a  tiller,  very  few 
of  which  had  headed.  The  yield  was  scarcely  3  bushels  per  acre. 
A  fine  crop,  43  inches  tall  and  yielding  at  the  rate  of  29  bushels 
per  acre,  had  developed  under  irrigation.  Differences  in  root 
habit  were  quite  as  marked  as  before.  A  comparison  of  Figs.  62 
and  63  shows  that  the  roots  in  the  dry  land  had  grown  relatively 
little.     The  chief  differences  were  a  more  thorough  occupation  of 


Fig.  62. — Roots  of  wheat  plants  2.5  months  old:  A,  in  dry  land;  B,  in  irrigated 

soil. 

the  second  and,  to  a  slight  extent,  the  third  foot  of  soil.  The 
working  depth  was  24  inches  as  compared  with  52  in  the  irrigated 
plots.  In  the  same  sequence,  maximum  penetration  was  37  and 
75  inches.  The  furrow  slice  in  both  plots  was  thoroughly  occu- 
pied by  a  large  number  of  remarkably  branched  superficial  roots. 
Probably  owing  to  the  death  by  drought  of  many  of  these  in  the 
drier  land  and  to  continued  growth  under  irrigation,  they  were 
now  more  abundant  and  also  longer  in  the  watered  soil.     These, 
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with  the  profusely  branched  older  roots,  formed  a  wonderfully 
efficient  absorbing  system.  The  greater  length  and  degree  of 
branching  of  laterals  were,  as  before,  very  conspicuous  in  the  drier 
soils. 

Root  Development  under  Increased  Rainfall. — The  following 
season,  when  the  soils  were  equally  moist,  due  to  increased  rain- 
fall, the  first  examination  revealed  no  differences  in  root  habit. 


Fig.   63. — Roots  of  mature  wheat  plants:   A,  in   dry  land;  B,  in  irrigated  soil 


Later,  the  area  occupied  by  the  root  system  of  the  dry-land  crop 
was  much  greater  than  during  the  preceding  season,  owing  to  a 
better  shoot  development,  more  tillers,  and  a  subsoil  with  avail- 
able moisture  in  which  none  of  the  roots  died.  The  lateral 
spread  was  as  great  as  formerly,  and  the  working  depth  was  over 
a  foot  deeper.  In  fact,  the  root  habit  was  more  nearly  like  that 
in  the  irrigated  soil  than  that  in  dry  land.     The  crop  was  3  feet 
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high  and  the  yield  25  bushels  per  acre.  Root  development  in  the 
irrigated  soil  was  approximately  the  same  as  the  preceding  year. 
A  third  plot,  where  light  irrigation  was  practiced  both  years,  gave 
results  intermediate  to  those  just  described. 

WINTER  WHEAT 

Development  of  winter  wheat  under  measured  environmental 
conditions  has  been  thoroughly  studied  at  Lincoln,  Nebr.^^^ 
A  strain  of  Turkey  Red  winter  wheat  {Triticum  aestivum),  known 
as  Kanred,  was  grown.  It  was  drilled  2  inches  deep  in  fertile  silt 
loam  soil  on  Sept.  20,  and  the  growth  both  above  and  below- 
ground  recorded  at  10-  or  15-day  intervals.  Growth  conditions 
were  very  favorable  during  both  years  of  the  experiment,  and  the 
crop  developed  normally. 

Early  Development. — Ten  days  after  sowing,  when  the  second 
leaf  was  about  half  grown,  the  roots  were  excavated  (Fig.  64). 


Fig.   64. — Primary  root  system  of  10-day-old  plant  of  winter  wheat. 

.The  number  of  roots  varied  from  two  to  five,  but  nearly  all  of  the 
plants  had  three.  The  primary  roots  were  deepest,  extending  to 
maximum  depths  of  8  to  9  inches.  While  these  roots  took  a 
rather  vertically  downward  course,  the  others  usually  ran 
obliquely  outward,  often  later  turning  downward.  The  fairly 
abundant  supply  of  laterals  was  scattered  quite  irregularly,  the 
best-branched  portions  of  the  root  giving  rise  to  12  or  more  per 
inch. 

Ten  days  later,  the  plants  had  four  leaves,  and  nearly  all  had 
one  tiller  extending  an  inch  or  more  from  the  axil  of  the  first  leaf. 
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The  leaves  were  rapidly  losing  their  vertical  position,  some 
already  being  nearly  horizontal.  A  second  tiller,  originating 
either  from  the  axil  of  the  second  leaf  or  more  commonly 
belowground  near  the  grain,  was  also  found  on  most  plants. 
Nearly  every  plant  had  a  new  root  in  addition  to  those  of  the 
primary  root  system.  These  roots  of  the  secondary  system 
were  about  a  millimeter  thick,  turgid,  white,  and  entirely 
unbranched  but  densely  clothed  with  root  hairs.  They  originated 
from  the  stem  near  the  grain  and  ran  mostly  in  a  horizontal  posi- 
tion or  turned  only  a  little  downward.  None  exceeded  2.5  inches 
in  length.     The  roots  of  the  primary  system  had  extended  into 


Fig.  65.- 


-Wheat  plant  20  days  old.     The  first  root  of  the  secondary  system 
has  appeared. 


the  second  foot  of  soil,  elongating  at  the  rate  of  over  half  an  inch 
per  day  (Fig.  65).  They  were  more  frequently  branched,  and  the 
branches  were  longer  than  before,  but  no  laterals  of  the  second 
order  had  appeared. 

When  30  days  old  (Oct.  20),  most  of  the  parent  plants  had  the 
fifth  leaf  about  half  developed.  Each  was  furnished  on  an  aver- 
age with  four  tillers.  The  largest  of  these  had  three  leaves  and 
stood  as  high  as  the  parent  plant.  The  prostrate  habit,  due  to 
the  outward  curving  of  the  short  stems,  was  well  initiated,  the 
plants  having  a  spread  of  3.5  inches  on  each  side  of  the  drill  row. 
This  rapid  growth  of  tops  was  correlated  with  a  pronounced  root 
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development.  The  primary  root  system  had  reached  a  working 
level  of  16  inches  and  a  maximum  penetration  of  2.8  feet  was 
attained  by  some  plants  (Fig.  66).  The  long,  thick,  unbranched 
root  ends  indicated  rapid  growth.  Not  only  was  the  lateral 
spread  greater,  but  the  branches  were  much  longer,  and  the 


Fig. 


66. — -Wheat  plant  30  days  old.     The  secondary  root  system  now  furnished 
18  per  cent  of  the  absorbing  area. 


older  portions  of  the  roots  possessed  many  more  of  them. 
Branches  of  the  second  order  were  found  only  on  the  oldest 
laterals  from  the  main  roots,  but  here  they  were  abundant. 

The  secondary  root  system,  moreover,  had  made  a  marked 
growth.  Each  plant  now  had  a  total  of  4  to  10  roots,  an  average 
of  4  in  addition  to  the  seminal  ones.  They  varied  from  }s  inch 
to  6  inches  in  length  and  turned  downward  from  horizontal  to 
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nearly  vertical.  They  had  about  twice  the  diameter  (1  milli- 
meter) of  the  seminal  roots  in  the  surface  soil,  and  only  in  the 
deeper  layers  was  the  diameter  of  the  latter  equal  to  that  of  the 
roots  of  the  secondary  system.  All  were  densely  clothed  with 
root  hairs,  and  short  laterals  occurred  on  the  older  roots. 

The  next  10-day  period  revealed  a  marked  growth.  The 
number  of  tillers  had  increased  to  7  per  plant.  These  were  so 
well  developed  that  a  plant  of  average  size  had  a  total  of  20  leaves, 
more  than  half  of  which  were  fully  grown  (Fig.  67).     To  provide 


Fig.  67. — A  view  in  the  wheat  field  on  October  30,  forty  days  after  planting. 

water  and  nutrients  for  such  a  large  shoot,  an  extensive  root 
system  was  imperative.  An  examination  of  the  latter  showed 
that  the  roots  of  the  secondary  root  system  averaged  9  per  plant. 
While  some  were  only  a  small  fraction  of  an  inch  long,  others  had 
a  length  of  19  inches.  In  general,  they  ran  rather  obliquely 
outward  and  downward  with  an  average  spread  of  about  5  inches 
from  the  base  of  the  plant  (Fig.  68).  A  few  extended  into  the 
second  foot  of  soil.  The  older  and  longer  ones  were  irregularly 
branched  with  short  laterals  at  the  rate  of  5  to  10  per  inch.  All 
the  main  roots  were  so  densely  clothed  with  root  hairs,  to  which 
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the  soil  clung  tenaciously,  that  the  smooth,  white,  root  ends 
stood  out  in  marked  contrast.  The  primary  root  system  had 
increased  both  in  working  depth  (now  about  1.7  feet)  and  maxi- 
mum extent,  a  few  of  the  deepest  roots  having  penetrated  to 
3  feet.  The  oldest  portions  of  the  roots,  especially  the  first  foot 
of  the  deeper  ones,  appeared  shriveled,  and  microscopic  examina- 


FiG.   68. — Root  system  of  40-day-old  wheat  plant. 


tion  showed  a  deterioration  of  the  cortex.  But  the  abundant 
root  hairs  on  the  deeper  main  roots  and  their  branches,  together 
with  their  bright,  turgid  appearance,  showed  plainly  that  they 
were  functioning  vigorously  as  absorbing  organs.  Primary 
branches  were  longer  than  before,  and  on  some,  secondary  laterals 
were  much  more  abundant.  Thus,  the  efficiency  of  this  portion 
of  the  root  system  was  greatly  increased. 
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Late  Autumn  Development. — After  a   lo-day  interval,   fur- 
ther examinations  were  made,  the  crop  now  being  55  days  old. 


Fig.  69. — Root  system  of  55-day-old  wheat  plant. 


Growth  had  been  very  good  so  that,  although  the  drill  rows  were 
8  inches  apart,  over  much  of  the  field  the  soil  was  practically 
concealed  by  the  plants.     The  height  was  only  3  inches,  owing 
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to  strong  curving  of  the  short  stems  which  gave  the  plants  their 
favorable  prostrate  winter  habit.  Tillers  had  increased  rapidly 
from  7  per  plant,  15  days  earlier,  to  11.  On  an  average,  each 
plant  now  had  32  leaves,  an  increase  of  11.  The  photosynthetic 
area  showed  a  gain  of  141  per  cent,  and  dry  weight  of  tops,  160 
per  cent  during  the  15-day  interval.  The  extensive  tops  fur- 
nished abundant  food  for  the  growth  of  an  elaborate  root  system. 

Roots  of  the  primary  system  often  reached  depths  of  over 
3  feet,  and  a  few  were  found  at  the  4-foot  level  (Fig.  69) .  Branch- 
ing habit  of  the  primary  system  had  changed  but  little  in  the 
surface  2  feet  except  that  the  branches  were  somewhat  longer. 
The  younger  portions,  as  the  roots  deepened,  became  clothed 
with  laterals  similar  in  number  and  in  secondary  branching  to  the 
older  parts  above.  An  average  of  10  roots  of  the  secondary  sys- 
tem was  found.  They  ran  almost  horizontally  or  so  slightly 
obliquely  downward  that  few  or  none  occupied  the  area  under 
the  plant  where  the  roots  of  the  primary  root  system  were  absorb- 
ing. The  working  level  was  at  8  inches,  but  some  of  the  longer 
roots  penetrated  to  a  depth  of  20  inches.  About  half  were 
unbranched  or  nearly  so ;  others  were  profusely  branched  through- 
out with  laterals  averaging  an  inch  in  length.  Moreover,  a  few 
secondary  branches  were  beginning  to  appear. 

An  examination  on  Nov.  29,  the  interval  again  being  15  days, 
revealed  approximately  the  condition  in  which  the  roots  passed 
the  winter.  Although  some  of  the  tips  of  the  older  leaves  were 
frozen,  the  plants  had  made  a  good  growth.  Tillers  had  increased 
to  14  per  plant,  and  the  total  number  of  leaves,  to  about  40. 
The  height  and  spread  of  tops  had  not  changed  measurably. 
The  primary  root  system  now  occupied  the  soil  to  a  depth  of  3  feet 
(Fig.  70).  A  few  roots  reached  4  feet.  Thus,  some  growth  in 
depth  had  occurred,  and  branching  had  increased  considerably. 
Only  the  stele  of  these  roots  remained  intact  in  the  surface  foot. 
Early  deterioration  of  the  cortex  was  probably  due  to  low  water 
content  of  soil.  In  number,  the  secondary  roots  had  increased 
from  10  to  11,  the  chief  development  being  in  the  elongation  of 
those  already  formed.  A  comparison  of  Figs.  69  and  70  shows 
the  considerable  increase  in  branching  and  the  much  more 
thorough  occupation  of  the  soil. 

Relations  of  the  Development  of  Roots  and  Tops. — The  rela- 
tive growth  of  the  tops,  including  photosynthetic  area  and  dry 
weight,  at  the  end  of  the  several  intervals  is  show^n  in  Table  6. 
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Pjc    70. — Root  system  of  wheat  70  days  old,  showing  the  extent  of  root  growth 
before  the  period  of  winter  dormancy. 


ROOT  HABITS  OF  WHEAT 


151 


Here,  also,  is  given  the  growth  of  both  the  primary  and  secondary- 
root  systems.  The  table  includes  measurements  throughout  the 
period  of  winter  dormancy  until  growth  was  resumed  in  the 
spring.  These  data  can  best  be  interpreted  when  plotted  with 
the  temperature  (Fig.  71),  since  temperature  was  the  limiting 
factor  to  growth,  soil  moisture  and  other  conditions  being  quite 
favorable. 


Table  6. — Growth  of  Wheat  from  Sept.  20,   1921,  to  Mar.  29,   1922 


Date 


Num- 

Num- 

ber of 

ber  of 

leaves 

tillers 

Photo- 
synthetic 
area, 
sq.  cm. 


Dry 

weight, 
shoots, 
grams 


Working 
depth 

primary 
root 

system, 
inches 


Number 
roots, 
second- 
ary 
system 


Average 
length, 

roots, 
sec- 
ondary 
system, 

inches 


Sept.  30 
Oct.  10 
Oct.  20 
Oct.  30 
Nov.  U 
Nov.  29 
Dec.  14 
Jan.  13 
Feb.  12 
Mar.  14 
Mar.  29 


y 

1.5 

0.0 

3.5 

1.6 

13.0 

4.4 

20.6 

7.2 

31.5 

10.5 

39.7 

13.8 

42.5 

15.1 

40.0 
40.5 

14.8 

45.0 

15.3 

61.0 

17.7 

8.28 

21.50 

59.46 

93.98 

226 . 39 


0.013 
0.046 
0.146 
0.239 
0.621 
0 .  835 
0.882 
0.697 
0 .  556 
0.490 
0.727 


6.0     - 

'      0.0 

11.0 

0.8 

16.0 

3.9 

20.0 

8.7 

30.0 

10.0 

36.0 

11.0 

36.0 

11.0 

36 . 0 

0.0 
0.7 
1.8 
2.1 
4.7 
5.4 
7.0 


It  may  be  noted  that  tiller  production  started  about  15  days 
after  planting  and  was  kept  up  continuously  until  the  middle  of 
December.  Leaf  output  paralleled  the  growth  of  tillers,  and 
growth  rate,  based  on  dry  weight,  was  very  similar.  Table  6 
shows  that  the  primary  root  system  increased  its  working  level 
quite  uniformly.  This  was  at  the  rate  of  0.55  inch  per  day  during 
the  first  55  days,  the  extent  of  branching  correlating  with  root 
elongation.  The  secondary  root  system  began  to  develop  simul- 
taneously with  the  appearance  of  tillers.  On  an  average,  a  new 
root  and  a  new  tiller  appeared  every  4  or  5  days  until  the  middle 
of  November,  after  which  the  rate  of  tillering  exceeded  that  of 
root  production.  However,  the  increase  in  length  and  branch- 
ing of  the  secondary  root  system  continued  with  the  formation 
and  growth  of  tillers  and  at  an  undiminished  rate  until  the  middle 
of  December.  Here,  growth  both  above  and  belowground 
ended  abruptly  when  the  air  temperatures  averaged  almost  con- 
tinuously below  freezing  and  the  soil  was  frozen  to  a  depth  of 
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several  inches.  The  number  of  leaves  and  tillers  decreased 
slightly  due  to  repeated  freezing  and  thawing,  wind  whipping, 
etc.,  and  consequently,  the  dry  weight  of  tops  also  decreased. 
The  greater  decrease  in  the  latter  (44  per  cent)  was  due  to  the 
fact  that  many  of  the  leaves  were  only  partly  injured,  causing  a 
marked  decrease  in  dry  weight  but  not  in  numbers.  But  the 
root  system,  even  that  part  subjected  to  the  greatest  temperature 
changes,  was  apparently  uninjured. 
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Fig.  71. — Graphs  showing  the  growth  rate  of  winter  wheat  and  the  temper- 
ature of  soil  and  air.  The  upper  temperature  line  is  that  of  the  soil  at  6  inches 
depth,  the  lower  one  that  of  the  air  temperature. 


During  the  second  week  in  March,  both  roots  and  shoots 
resumed  growth.  Frost  disappeared  from  the  soil  as  the  air 
temperature  became  higher  (Fig.  71),  and  the  plants  developed 
slowly  at  an  average  temperature  of  40°F.  Rains  replenished 
the  water  content  of  the  surface  soil,  and  with  increasing  temper- 
ature, the  crop  made  a  steady  growth.  The  primary  root 
system  was  apparently  functioning  as  in  late  fall.  Many  new 
roots  of  the  secondary  system  appeared.  The  culms  began  to 
grow  erect  and  the  spikes  to  develop.     In  less  than  2  weeks,  at 
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an  average  temperature  of  42°F.,  the  crop  regained  60  per  cent 

of  the  loss  in  dry  weight  which  had  occurred  during  the  90  days 
of  winter  dormancy.  This  vigorous  early  spring  growth  was  due 
largely  to  the  well-developed  root  system  and  culms  stored  with 
food. 

Absorbing  and  Transpiiing  Areas. — Determinations  were 
also  made  of  the  relation  of  the  actual  absorbing  area  (exclusive 
of  root  hairs)  to  that  of  the  transpiring  area  of  leaves  and  stems. 
The  work  was  done  during  the  following  season  when  conditions 
for  growth  were  very  similar  to  those  described.  This  was 
accomplished  by  carefully  washing  the  soil  from  the  roots  with  a 
gentle  water  spray,  thus  securing  the  root  systems  in  their 
entirety  and  floating  them  in  shallow  trays  of  water  while 
measurements  were  being  made.  These  data  are  given  in  Table 
7.     The   absorbing  area  of  roots  increased   progressively  with 

Table  7. — Length  and  Absorbing  Area  of  Root  System  (Exclusive 
OF  Root  Hairs)  and  Photosynthetic  Area  of  Tops,  1922 


A  rea 

Area 

Total 

Photo- 

Lengtii 

Length 

Total 

primary 

second- 

area of 

synthetic 

primary 

of  sec- 

length 

Date 

root 

ary  root 

root 

area  of 

root 

ondary 

of 

sy.stem, 

system. 

system, 

tops. 

system, 

root  sys- 

roots. 

sq.  cm. 

sq.  cm. 

sq.  cm. 

sq.  cm. 

cm. 

tem,  cm. 

cm. 

Sept.  30 

9.63 

0.00 

9.6.3 

7.68 

95 .  05 

0.00 

95.05 

Oct.    10 

31.02 

0.37 

31.. 39 

22 .  .50 

323 . 87 

1..50 

325.37 

Oct.    20 

50.31 

11.20 

61.51 

50 .  50 

490.40 

40.70 

531.10 

Oct.    30 

62.80 

42.32 

105.12 

88.98 

632 . 70 

207.45 

840.15 

Nov.  14 

11.-). 97 

121.. 54 

237.51 

215.30 

1 , 509 . 70 

1,171.80 

2, 681.. 50 

Nov.  29 

l.il.76 

1.57.92 

309.68 

280.00 

2,004.70 

1,2.34.70 

3,239.40 

that  of  tops  and  was  uniformly  10  to  35  per  cent  greater  in  extent 
(Fig.  72).  .  Since  microscopic  examination  indicated  that  prac- 
tically all  of  the  roots  and  their  branches  were  clothed  with 
functioning  root  hairs,  except  at  the  growing  tips  and  on  the 
oldest  parts  of  the  primary  roots,  the  absorbing  area  was  actually 
probably  eight  to  ten  times  greater  than  the  transpiring  area. 
Deterioration  of  the  cortex  on  the  oldest  portions  of  the  roots  of 
the  primary  root  system  began  about  the  middle  of  November. 
By  the  end  of  the  month,  the  epidermis  on  about  the  first  10  inches 
was  either  destitute  of  root  hairs  or  sloughed  off  with  the  cortex, 
leaving  only  the  stele  intact.  This  reduced  the  absorbing  root 
area,  however,  by  less  than  1  per  cent.     On  Oct.  20,  the  secondary 
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root  system  already  furnished  18  per  cent  of  the  total  absorbing 
area.  This  had  increased  to  40  per  cent  10  days  later,  and  by 
the  middle  of  November,  it  was  51  per  cent,  notwithstanding  the 

Sept  October  November 

so  20  30  10  20  30  14  29 
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Fig.  72. —  Graph  showing,  1,  the  absorbing  area  of  winter  wheat  (exclusive  of 
root  hairs);  2,  photosynthetic  and  transpiring  area;  3,  the  absorbing  area  of  the 
primary  root  system;  4,  the  absorbing  area  of  the  secondary  root  system. 

great  increase  of  the  area  of  the  primary  root  system.  Owing 
to  the  relatively  finer  roots  of  the  primary  system  coupled  with 
more  profuse  branching,  its  total  length  exceeded  that  of  the 
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secondary  root  system.  On  Nov.  29,  it  made  up  62  per  cent  of 
the  32  meters  of  root  length  possessed  by  an  average-sized  plant. 
The  absorbing  area  of  the  roots,  exclusive  of  root  hairs,  exceeded 
the  photosynthetic  area,  which  was  actually  about  the  size  of 
this  page,  by  nearly  30  square  centimeters.  The  striking 
parallelism  of  the  graphs  of  areas  of  roots  and  tops,  together  with 
the  constantly  greater  area  of  the  former  (10  to  35  per  cent) 
shows  clearly  the  great  importance  of  extensive  root  development 
in  the  economy  of  the  plant. 

Mature  Root  System. — At  maturity,  winter  wheat  has  a  very 
extensive  root  system.  As  with  other  cereals,  the  abundance 
of  roots,  lateral  spread,  and  amount  and  length  of  branching,  as 
well  as  the  depth  of  penetration,  are  quite  variable  in  different 
kinds  of  soil  and  under  different  climates.  A  representative 
specimen  of  the  Turkey  Red  variety  is  shown  in  Fig.  73.  It 
was  grown  in  moist,  rich,  silt  loam  soil  near  Lincoln.  The  tops 
were  3.8  feet  high  and  the  heads  were  well  filled.  Most  of  the 
numerous  thread-like  roots  penetrated  rather  vertically  down- 
ward, others  ran  obliquely  downward  but  seldom  reached  a 
greater  spread  than  6  to  8  inches  from  the  base  of  the  plant. 
Still  others  ran  out  parallel  with  the  soil  surface  for  short  dis- 
tances before  turning  downward.  The  working  depth  was  found 
at  approximately  4.4  feet,  and  the  maximum  root  depth  was  6.2 
feet.  Beginning  just  below  the  surface  and  extending  to  a 
depth  of  4  feet,  numerous  profusely  branched  laterals  filled  the 
soil.  These  light-colored  roots  showed  very  plainly  in  the  black 
earth.  They  were  covered  with  dense  mats  of  root  hairs,  the 
rootlets  intercrossing  in  the  jointed  subsoil  in  such  a  manner  as 
to  give  a  cobwebby  appearance.  It  is  quite  impossible  to  show 
these  finer  roots  and  all  their  branches  in  the  most  detailed 
drawing.  Below  4  feet,  the  roots  were  less  abundant  but  still 
well  branched  and  supplied  with  root  hairs.  The  last  6  inches  of 
the  deeper  ones  were  poorly  branched  with  laterals  which  were 
only  a  few  millimeters  in  length. 

Root  Variations  under  Different  Soils  and  Climates. — A  field 
only  2  miles  distant  from  that  last  mentioned,  where  silt  loam 
intergraded  at  a  depth  of  2.3  feet  into  a  very  hard  tenacious  sub- 
soil of  clay  intermixed  with  streaks  and  spots  of  chalk,  gave 
marked  differences  in  root  extent.  The  crop  was  3.3  feet  high 
and  of  excellent  quality.  The  working  depth  was  only  3.2  feet 
and  the  ma.Kimum  root  penetration  4.7  feet,  depths  approximately 
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Fig.   73. — Mature  root  system  of  winter  wheat. 
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12  to  18  inches  less  than  in  the  deep  silt  loam  soil.  However,  in  a 
third  field,  an  equal  distance  from  the  first  and  also  examined  the 
same  season,  much  greater  root  extent  was  found.  Here,  the  silt 
loam  soil  gradually  gave  way  at  a  depth  of  about  1.5  feet  to  a 
very  deep,  rather  mellow,  loess  subsoil.  Like  that  in  the  other 
fields,  it  was  moist  to  great  depths.  The  mature  crop  was  3.5 
feet  high.  The  lateral  spread  was  similar  to  that  described,  but 
roots  were  fairly  abundant  to  the  working  level  at  4.9  feet. 
Not  a  few  penetrated  to  7  feet,  and  a  maximum  depth  of  7.3 
feet  was  attained. 

Quite  in  contrast  to  this  excellent  growth  was  that  on  the 
short-grass  plains.  At  Flagler,  Colo.,  a  field  of  the  Turkey  Red 
variety  was  rooted  entirely  in  the  surface  16  inches  of  soil.  The 
roots  were  developed  very  much  as  if  grown  in  a  large  flowerpot, 
because  the  soil  was  moist  only  to  a  depth  of  15  inches  where  a 
very  tenacious  hardpan,  7  inches  thick,  occurred.  Below  this, 
the  soil  was  less  compact  but  very  dry.  Such  a  hmited  root 
development  was  correlated  with  a  poor  growth  of  tops  w^hich 
scarcely  exceeded  a  foot  in  height. 

Relation  of  Roots  to  Tops  under  Different  Climates. — Data 
on  the  development  of  roots  and  tops  of  wheat  at  many  stations 
throughout  a  wide  range  of  chmatic  and  edaphic  conditions  are 
tabulated  in  Table  8.  Even  a  casual  examination  of  the  table 
shows  clearly  the  close  correlation  between  the  growth  of  tops 
and  roots  and  the  better  development  of  both  under  an  increased 
water  content  of  soil  and  the  presence  of  moisture  in  the  subsoil 
as  well  as  a  more  humid  atmosphere.  These  relations  are  clearly 
shown  in  Fig.  74. 

OTHER  INVESTIGATIONS  ON  THE  ROOT  HABITS  OF  WHEAT 

At  St.  Paul,  Minn.,  isolated  clumps  of  spring  wheat  were 
found  to  have  roots  which  spread  throughout  a  radius  of  16 
inches  and  had  a  depth  of  penetration  of  more  than  4  feet.^^ 
Scotch  Fife,  a  spring  variet}^  grown  at  Fargo,  N.  D.,  had  many 
main  roots,  most  of  which  ran  ahnost  vertically  downward, 
sending  out  numerous  small  feeders,  which  practically  occupied 
the  soil  to  a  depth  of  4  feet,  many  roots  presumably  penetrating 
a  foot  or  two  deeper.  A  lateral  spread  of  9  inches  was  found. -"- 
Red  winter  wheat  at  Manhattan,  Kan.,  has  been  shown  to  form  a 
network  of  fine  fibrous  roots  quite  to  the  surface  of  the  ground. 
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Fig.  74. —  Diagram  showing  the  growth  of  roots  and  shoots  of  winter  wheat  in 
rich  silt  loam  or  very  fine  sandy  loam  under  different  climates. 
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The  roots  were  recovered  to  a  depth  of  4  feet,  although  they 
probably  extended  deeper.'-"^ 

T.\BLE  8. — Development  op  Wheat  at  Various  Stations  in  the  Grass- 
land Formation 


Station 

Variety 
of  crop 

Soil 

Height 
of  tops, 

feet 

Work- 
ing 

depth, 
feet 

Maxi- 
mum 
depth, 

feet 

Short-grass  plains: 

Turkey  Red 
Turkey  Red 
Red  Spring 
Turkey  Red 
Turkey  Red 
Kanred 
Turkey  Red 
Spring 

Very    fine    sandy 

loam 
Very    fine    sandy 

loam 
Very    fine    sandy 

loam 
Very    fine    sandy 

loam 
Very    fine    sandy 

loam 
Very    fine    sandy 

loam 
Very    fine    sandy 

loam 
Very    fine    sandy 

loam 

2.1 
2.0 
2.5 
1.0 
2.5 
3.2 
1.8 
1.7 

2.1 
2.7 
2.5 
1.4 
3.8 
2.0 
2.0 
2.0 

2.3 

2.8 

2.8 

1.5 

5.4 

Limon,  Colo 

2.3 
2.8 

2.0 

2.1 

2.3 

2.7 

Turkey  Red 
Turkey  Red 
Turkey  Red 

Turkey  Red 

Very  sandy  loam 

Pierre  clay 

Very    fine    sandy 

loam 
Very    fine    sandy 

loam 

Mixed  prairie: 

1.8 
2.6 

3.8 

2.8 

3.0 
3.3 

4.8 

3.2 

4.0 

4.1 

5.7 

3.7 

2.8 

3.6 

4.4 

Turkey  Red 
Turkey  Red 
Turkey  Red 
Turkey  Red 
Turkey  Red 
Turkey  Red 

Silt  loam 
Allu%Tal  silt  loam 
Silt  loam 
Clay  loam 
Silt  loam 
Silt  loam 

Tall-grass  prairie: 

3.3 
3.8 
3.5 
3.0 
3.0 
3.0 

3.2 
4.4 
4.9 
3.0 
3.6 
3.8 

4.7 

6.2 

7.3 

4.1 

5.0 

Wahoo,  Nebr 

5.0 

3.3 

3.S 

5.4 

In  root  studies  of  cereals  on  the  Coastal  Plain  soils  of  New 
Jersey,  it  was  found  that  very  little  root  growth  extended  beyond 
a  depth  of  about  8  inches,  root  development  of  these  crops  being 
almost  invariably  confined  to  the  area  above  subsoil.  ^^*  In 
unproductive,    heavy,    very   poorly   aerated    clay   soils   at   the 
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Rothamsted  Experiment  Station,  England,  few  roots  of  wheat  or 
barley  penetrated  below  the  surface  2  to  4  inches  and  none 
appeared  below  the  G-inch  level.  Where  applications  of  barn- 
yard manure  had  improved  the  soil  structure,  the  roots  were  well 
branched  and  several  penetrated  to  a  depth  of  9  inches. ^^ 

RELATION  OF  ROOT  HABITS  TO  CULTURAL  PRACTICE 

A  well-prepared,  firm  seed  bed  is  essential  in  growing  the 
smaller  cereals.  It  not  only  furnishes  better  conditions  for 
water  absorption  by  the  seed  but  also  gives  the  young  roots  better 
soil  contact  and  thus  promotes  their  efficiency  in  absorbing  water 
and  nutrients.  Grain  that  is  drilled  at  a  uniform  depth  in  a  firm 
seed  bed  that  is  well  compacted  beneath  will  germinate  better, 
and  the  roots  will  have  a  more  favorable  environment  for  growth 
than  grain  that  is  broadcast  and  worked  into  a  loose  soil.  A 
loose  crumbly  surface  soil,  however,  is  best  for  retaining  the 
water  about  the  roots.  Extremely  adverse  physical  conditions, 
such  as  packing  of  the  soil  by  heavy  rains  or  drying  and  crusting 
of  the  surface,  may  prevent  or  delay  the  development  of  the 
secondary  root  system.  ^^"^  It  has  been  fully  demonstrated  that 
early  fall  plowing  for  wheat  promotes  nitrification  and  thus 
furnishes  a  greater  supply  of  nitrates  to  the  wheat  seedlings.  ^^ 
This  results  in  increased  yields. 

A  root  system  that  is  well  established  before  the  beginning  of 
winter  is  better  able  to  withstand  the  tearing  or  breaking  of  roots 
sometimes  resulting  from  alternate  thawing  and  freezing  and 
heaving  of  the  soil.  It  would  seem  equally  important  to  sow 
spring  grain  early  enough  so  that  it  may  develop  a  deep  root 
system  before  the  advent  of  the  hot  dry  weather  which  frequently 
occurs  during  the  last  few  weeks  before  the  crop  matures.  Even 
casual  examination  of  the  root  system  shows  clearly  that  all  of 
the  surface  soil  is  fully  occupied  with  the  roots  of  the  crop  and  that 
there  is  no  room  for  weeds.  Their  roots  come  into  direct  competi- 
tion for  water  and  nutrients  with  those  of  the  cereal,  and  if  weeds 
are  permitted  to  grow,  the  yield  of  grain  will  be  reduced. 

The  addition  of  fertilizers  has  a  marked  effect.  Nitrogen 
promotes  root  branching  and  retards  elongation.  In  New  South 
Wales,  where  roots  of  spring  wheat  regularly  penetrate  to  depths 
of  about  4  feet,  the  effect  of  adding  superphosphates  is  marked. 
In  addition  to  other  useful  effects,  they  encourage  rapid  growth 
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and  deep  root  penetration,  thus  enabling  the  crop  to  draw  upon 
moisture  and  nutrient  supphes  from  deeper  layers  of  the  subsoil 
than  in  the  case  of  land  receiving  no  fertilizer.'^  In  one  experi- 
ment, an  increased  depth  of  8.5  inches  was  ascertained;  and  in 
another  the  depth  of  penetration  was  almost  doubled.^" -^^^ 

SUMMARY 

Both  spring  and  winter  wheat  are  annuals  with  deeply  pene- 
trating, widely  spreading,  and  profusely  branching,  fine,  fibrous 
roots.  Probably  because  of  their  shorter  period  of  growth, 
the  roots  of  the  spring  varieties  are  less  extensive.  The  prunary 
root  system,  consisting  usually  of  a  whorl  of  three  roots  with 
their  branches,  originates  from  the  embryo  and  is  the  first  to 
appear.  But  soon  a  secondary  root  system  develops  from  the 
nodes  above,  the  number  and  branching  of  roots  increasing  in 
correlation  with  the  number  of  tillers.  Root  elongation,  under 
favorable  conditions,  is  very  rapid;  sometimes,  a  growth  rate  of 
over  half  an  inch  a  day  is  maintained  for  60  to  70  days  in  the 
primary  root  system  of  winter  wheat.  Although  there  is  appar- 
ently some  variation  among  varieties,  the  primary  root  system  of 
spring  wheat  rather  regularly  reaches  depths  of  4  to  5  feet. 
Roots  of  the  secondary  system  ramify  the  soil  near  the  surface 
6  to  9  inches  on  all  sides  and,  likewise,  fill  the  2  to  3  feet  below  this 
area  with  a  network  of  well-branched  roots.  Winter  varieties 
are  similar  in  general  habit  but  more  deeply  rooted.  Crops 
planted  early  during  seasons  favorable  for  growth  form  a 
secondary  root  system  which  rather  thoroughl}^  fills  the  surface 
12  to  20  inches  of  soil,  while  the  primary  roots  extend  well  into 
the  third  and  fourth  foot.  The  mature  root  system  has  a  working 
level  of  3.5  to  4  feet  and  a  maximum  depth  of  5  to  7  feet.  Pro- 
nounced modifications  in  root  habit  occur  under  different  soil 
environments.  Where  the  subsoil  is  dry,  root  depth  is  greatly 
abbreviated,  and  lateral  spread,  degree  of  branching,  and  absorp- 
tion from  surface  soils  are  greatly  increased.  These  differences 
occur  in  the  same  kind  of  soil  if  one  portion  is  irrigated  and  the 
other  un watered.  Variation  in  depth  and  degree  of  branching 
also  occurs  in  response  to  fertilizers.  Moreover,  in  stiff  clay  soils 
where  aeration  is  very  poor,  roots  do  not  penetrate  so  deepl3^ 


CHAPTER  VI 
ROOT  HABITS  OF  RYE 

Rye  {Secale  cereale)  is  an  annual  and,  like  winter  wheat,  makes 
a  good  growth  when  planted  in  the  autumn.  Only  rarely  is  it 
sowed  in  the  spring.  Upon  germination,  it  rather  regularly 
produces  a  whorl  of  four  roots  which  constitutes  the  primary  root 
system,  thus  differing  from  the  other  cereals  which  usually  have 
only  three.  The  mature  root  system  is  very  similar  to  that  of 
oats  and  spring  wheat. 

Mature  Root  System. — Plants  were  grown  near  Lincoln  on  rich 
silt  loam  soil  underlaid  with  a  moist  but  hard  clayey  subsoil. 
The  tops  at  harvest  time  were  5.5  feet  tall  and  the  maximum  root 
penetration  was  5  feet.  Relatively  few  roots  extended  so  deeply 
and  the  working  depth  was  about  4  feet.  Similar  depths  of 
penetration  were  found  for  Rosen  rye  growing  in  an  adjacent' 
field,  although  the  tops  were  6.5  feet  tall.  In  both  cases,  the 
roots  were  exceedingly  well  branched  to  the  working  depth.  In 
fact,  branching  is  usually  better  developed  in  rye  than  in  wheat  or 
oats  when  growing  in  the  same  kind  of  soil  and  under  the  same 
conditions  of  moisture.  This  is  one  reason  why  rye  is  adapted  to 
drier  climates  than  wheat  and  will  thrive  on  poorer  and  sandier 
soils  than  any  of  the  other  cereals.  It  sometimes  produces  a  fair 
crop  under  adverse  conditions  where  other  small  grains  would 
fail  completely.  In  this  connection,  the  work  of  Nobbe  (1869) 
is  interesting.^*'^  He  compared,  measured,  and  counted  the  roots 
of  winter  wheat  and  rye  plants  grown  in  soil  when  55  days  old. 
He  found  that  the  roots  of  the  first  to  the  fourth  order  numbered 
16,000  in  rye  and  10,700  in  wheat.  The  combined  lengths  of 
these  roots  measured  118  and  82  meters,  respectively. 

Root  Variations  under  Different  Soils  and  Climates. — The 
development  of  both  shoots  and  roots  of  rye  is  greatly  affected  by 
differences  in  soil.  Near  Fairbury,  in  eastern  Nebraska,  plants 
in  silty  clay  loam  upland  soil  had  a  height  growth  of  4.5  feet,  a 
working  depth  of  4.7  feet,  and  a  maximum  penetration  of  5.2 
feet.     But  a  crop  from  the  same  lot  of  seed  planted  at  the  same 
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time  (Sept.  4)  on  alluvial  soil  of  mellow  silt  loam  was  very  dif- 
ferent. The  height  of  tops  was  3.8  feet,  which  was  also  the 
working  depth  of  the  roots.     Practically  all  of  the  roots  ended 


Fig.  75. — Root  system  of  rye  grown  in  rather  dry  sandy  soil  in  eastern  Colorado. 


abruptly  at  this  level  below  which  there  occurred  nearly  pure 
sand.  A  similar  rooting  habit  has  been  found  for  winter  rye  at 
Fargo,  N.D.  186 
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The  extensive  growth  made  by  the 
roots  of  rye  in  sandy  soil,  even  under  a 
meager  precipitation,  is  shown  in  Fig.  75. 
The  wide  lateral  spread  is  very  charac- 
teristic of  cereals  grown  in  sand,  a  habit 
not  unlike  that  of  the  native  grasses. 
The  first  4  to  6  inches  of  roots  at  the 
bases  of  the  plants  were  almost  woolly 
with  dense  masses  of  root  hairs  to  which 
the  sand  clung  tenaciously.  The  roots 
soon  began  to  branch  with  delicate, 
hair-like  branches  }^  inch  to  3  or  4 
inches  in  length,  some  being  even  longer. 
They  ran  in  all  directions,  even  obliquely 
upward,  and  were  fairly  well  rebranched 
to  the  second  order.  The  most  profuse 
branching  was  in  the  deeper  soil  where, 
in  places,  as  man}^  as  10  to  30  laterals 
were  found  on  a  single  inch  of  root. 

Rye  grown  in  sandy  soil  under  a 
greater  precipitation  penetrated  even 
deeper  (Fig.  76).  The  crop  had  been 
drilled  in  this  field,  near  Central  City  in 
eastern  Nebraska,  early  in  September. 
It  was  grown  to  retard  the  blowing  of 
the  sand  (Fig.  27),  since  it  is  better 
adapted  to  sandy  soil  than  any  of  the 
other  grain  crops.  The  prevalence  of 
wind  action  was  clearly  illustrated  by 
the  stratified  soil.  The  surface  1.3  feet 
of  nearly  pure  sand  was  underlaid  by 
1.3  feet  of  dark-colored  sandy  loam. 
Below  this,  pure  sand  occurred  to  the 
water  level  at  7.5  feet.  The  number  of 
main  roots  varied,  according  to  the 
amount  of  tillering,  from  15  to  40.  The 
lateral  spread  seldom  exceeded  14  inches, 
but  roots  were  fairly  abundant  to  6 
feet.     Few    differences    were    noted   in 


Fig.  76.- 


-Deeply  penetrating  roots  of  rye  grown  in  moist  sandy  soil  in  eastern 
Nebraska.     Scale  in  feet. 
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the  degree  of  branching,  etc.,  in  passing  from  one  soil  layer  to 
another.  Plants  grown  in  pure  sand,  because  of  the  low  fertility, 
had  both  root  and  shoot  development  greatly  abbreviated. 

On  the  ''hard  lands''  of  the  short-grass  plains,  the  root  extent 
of  rye,  like  that  of  the  other  cereals,  is  limited  by  the  depth  of 
moist  soil.  A  carbonate  layer  occurs  usually  at  1.5  to  2.5  feet  in 
depth,  and  the  root  system  is  frequently  entirely  confined  to  the 
soil  above  this  layer.  Under  these  conditions,  lateral  spread  and 
degree  of  branching  are  exceptionally  pronounced.  An  unusual 
amount  of  rainfall  or  irrigation,  if  sufficient  to  moisten  the  hard- 
pan  and  deeper  subsoil,  produces  a  more  normal  development  of 
roots  and  a  correspondingly  better  growth  of  tops.  Variations  in 
growth  under  different  types  of  climate  and  soils  are  summarized 
in  Table  9. 


Table  9.- 


-Variations  in  Growth  of  Rye  under  Different  Types  of 
Climate  and  Soil 


Station 

\ariety 
of  crop 

Soil 

Height 

of 
tops, 
feet 

Work- 
ing 

depth, 
feet 

Maxi- 
mum 
depth, 
feet 

Short-grass  plains: 

Yuma,  Colo 

Flagler,  Colo 

Winter 
Winter 
Winter 
Winter 
Winter 

Very    fine 

loam 
Very    fine 

loam 
Very    fine 

loam 
Very    fine 

loam 
Very    fine 

loam 

sandy 
sandy 
sandy 
sandy 
sandy 

2.3 
2.1 
.3 . 5 
2.3 
3.5 

2.3 
4,3 
2.0 
3.0 

2.8 

2.8 

G.O 

Colby,  Kan 

2.0 

3.6 

2.7 

2.7 
3.0 

4.2 

2.S 

4.2 
3.0 

3.8 

3  4 

Mixed  prairie: 

Winter 
Winter 
Winter 

Very  sandy 
Sandy  loan 
Very    fine 
loam 

loam 
sandy 

.5  0 

Colorado  Springs,  Colo ... 
Mankato,  Kan 

4.7 
4.7 

3.3 

0 . 0 
3.3 

r)  .  5 
(i    .■) 
4.0 
3.8 

3.7 

,5.0 
2.8 
3.9 
3.7 
4.7 
3.0 

4  8 

Tall-grass  prairie: 

Central  City,  Nebr 

Central  City,  Nebr 

Lincoln,  Nebr 

Lincoln,  Nebr 

Fairbury,    Nebr 

Fairbury,  Nebr 

Winter 

Winter 

Winter 

Winter  Kosen 

Winter 

Winter 

Very  sandy  lo:im 
Pure  sand 
Silt  loam 
Silt  loam 
Clay  loam 
Alluvial 

7.7 
4.6 

.T.O 

.5.0 
.5.2 
4.2 

4.0 

4.0 

.5   3 

1(U)  BOOT  DEVELOPMENT  OF  FIELD  CROPS 

SUMMARY 

Rye  is  a  winter  annual.  Upon  germination,  a  primary  root 
system  of  four  roots  is  produced.  Later,  numerous  fibrous  roots 
of  the  secondary  system  appear,  the  total  number  varying  with 
the  degree  of  tillering.  In  moist  silt  loam,  the  roots  usually  have 
a  lateral  spread  of  6  to  10  inches,  a  working  depth  of  about  4  feet, 
and  a  maximum  penetration  of  5  feet.  Branching  is  usually 
better  developed  than  in  either  wheat  or  oats  when  grown  in  the 
same  kind  of  soil.  Root  habit  varies  greatly  with  environment. 
In  sandy  soil,  the  roots  spread  12  to  14  inches  near  the  surface 
and  frequently  penetrate  to  depths  of  5  to  7.5  feet.  Profuse 
branching  may  occur  to  the  root  ends.  In  soils  of  low  water  con- 
tent underlaid  with  dry  subsoil,  the  whole  root  system  is  fre- 
quently confined  to  the  surface  2  to  2.5  feet.  Under  these 
conditions,  widely  spreading  surface  laterals  and  profuse  branch- 
ing throughout  are  especially  characteristic.  Growth  in  height 
varies  somewhat  directly  with  depth  of  root  penetration. 


CHAPTER  VII 
ROOT  HABITS  OF  OATS 

Oats  {Avena  sativa)  are  annual  plants.  The  varieties  studied 
are  all  summer  annuals.  The  lesser  root  extent  than  that  of 
winter  wheat  is  probably  correlated  with  the  shorter  period  of 
growth.  Root  habit  is  very  similar  to  that  of  spring  wheat. 
The  development  of  White  Kherson  oats  at  five  different  stages 
of  growth  was  determined  on  both  upland  and  lowland  silt  loam 
soil  near  IJncoln.  The  spring  was  cold  and  late  and  the  crop  at 
first  grew  slowly. 

Early  Root  Development. — On  May  1,  a  month  after  planting 
and  when  the  second  leaf  was  just  beginning  to  appear,  the  root 
habit  was  ascertained  (Fig. 
77).  Some  of  the  plants  had 
only  3  roots  but  most  of 
them  had  5  to  7.  The  pri- 
mary root  extended  to  a 
depth  of  6  to  8  inches.  Short 
laterals  occurred  on  all  but 
the  youngest  roots  at  the  rate 
of  7  to  15  per  inch.  Where 
the  seed  was  more  than  1.5 
inches  deep,  the  secondary 
root  system  had  begun  to 
develop  from  a  node  about 
an  inch  below  the  soil  sur- 
face. That  slow  growth  was 
due  to  unfavorable  tempera- 

tures    was   shown    by  the  fact       ^'^°-    '"-^^'^^t^  Kherson  oats  31  days 

that  oats  planted  on  May  15 

showed  a  more  advanced  development  of  both  root  and  shoot 

after  15  days  than  did  these  plants  at  the  end  of  30  dstys. 

On  May  15,  the  crop  was  4  inches  high  and  mostly  in  the 
fourth-leaf  stage.  The  plants  had  not  begun  to  tiller.  The 
number  of  roots  varied  from  7  to  14  with  an  average  of  about 
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8  (Fig.  78).  The  longer  ones  reached  depths  of  1.6  to  2  feet  and 
the  maxnnum  lateral  spread  did  not  exceed  6  inches.  Although 
the  youngest  and  shortest  roots  were  unbranched,  the  older  ones 
had  branches  of  the  second  order,  some  nearly  an  inch  long,  but 
they  were  not  abundant.  The  primary  laterals,  especially  in 
the  surface  8  inches  of  soil,  had  reached  a  length  of  1  to  3  inches. 
Plants  from  deeply  planted  seed  now  had  a  whorl  of  4  to  G  roots 

originating  an  inch  below 
the  soil  surface.  The  slow 
rate  of  growth  is  shown  by 
the  fact  that  the  same  variety 
of  oats  planted  on  the  same 
date  the  preceding  year  in 
mellow  loess  soil  at  Peru,  in 
eastern  Nebraska,  although 
only  14  days  older,  had  ex- 
tended its  roots  into  the  fourth 
foot  of  soil. 

Roots  of  Half-grown 
Plants. — Fifteen  days  later, 
on  May  30,  the  crop  was  9 
inches  high,  and  the  plants 
had  7  to  9  leaves  each.  Til- 
lering was  very  poor,  most  of 
the  plants  having  only  a  sin- 
gle stalk.  Root  counts  of  a 
large  number  of  individuals 
gave  a  total  of  16  to  27  per 
plant  (Fig.  79).  Several  roots 
were  traced  to  a  depth  of  2.7 
feet.  The  working  depth  was 
about  1.5  feet.  Besides  the 
greater  number  of  main  roots, 
their  wider  spread,  and  deeper 
penetration,  there  was  a  greater  development  of  laterals,  both 
in  number  and  length  as  well  as  in  secondary  branching.  The 
widest  spreading  roots  ended  in  the  surface  4  to  8  inches  of  soil. 
Below  1  foot,  branching  was  poor  and  the  laterals  were  short, 
and  the  last  6  to  12  inches  of  the  thick,  white  root  ends  were 
devoid  of  branches. 


Fig.  78. — Oats  45  days  old. 
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Fig.  79. — Oats  60  days  old. 
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Mature  Root  System. — At  the  age  of  80  days,  the  plants, 

although  scarcely  more  than  2  feet 
tall,  were  beginning  to  blossom.- 
On  an  average,  there  were  two 
tillers  per  plant.  The  roots  had 
attained  a  maxiinum  lateral  spread 
of  0.8  foot  and  a  working  depth  of 
2.3  feet,  but  a  few  reached  a  max- 
imum depth  of  4.1  feet.  A  com- 
parison of  Figs.  79  and  80  shows 
that  the  chief  difference  between 
the  older  root  system  and  the 
younger,  aside  from  greater  growth 
in  length  of  most  of  the  roots,  is  the 
increase  in  number  and  the  branch- 
ing of  laterals.  In  fact,  at  the 
early  stage  (May  30),  the  volume 
to  be  occupied  by  the  mature 
root  system  was  well  blocked  out. 
Later,  it  had  been  increased  some- 
what in  width  and  considerably  in 
depth,  but  especially  it  had  come 
to  be  occupied  much  more  thor- 
oughly in  all  parts  by  a  fine  net- 
work of  delicate  roots.  In  the 
surface  foot  of  soil,  7  to  10  laterals, 
and  sometimes  as  many  as  15  to  18, 
occurred  on  a  single  linear  inch. 
On  the  scale  to  which  the  draw- 
ings were  made,  it  was  very  diffi- 
cult to  show  all  of  the  multitude  of 
rootlets.  The  laterals  were  mostly 
1  to  2  inches  long,  infrequently  3 
to  5  inches,  and  were  furnished 
only  poorly  with  secondary 
branches.  Branchlets  of  the  third 
order  were  rare.  In  the  second 
foot,  the  branches  became  shorter, 
and  not  infrequently  for  consider- 
,     .        , , ,        able  distances,  none  were  over  0.2 

riG.  80. — Oats  at  the  time  of  bios-     .       ,       ,  -r,    ,  n  r     r  ^.u 

soming  (80  days  old).  mch    long.     Below    2.5    feet,    the 
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number  of  roots  decreased  rapidly,  although  still  rather  regularly 
branched  at  the  rate  of  5  to  6  branchlets  per  inch. 

Owing  to  a  richer  soil  as  well  as  to  a  greater  available  water 
supply,  especially  in  the  surface  6  inches,  the  crop  on  the  lowland 
was  better  developed.  The  plants  had  tillered  much  more  freely ; 
they  were  2.6  feet  tall  and  beginning  to  bloom.  Maximum  root 
depth  was  shghtly  less  than  4  feet,  but  the  working  depth  was 
2.7  feet.  Little  difference  was  found  either  in  degree  of  branch- 
ing or  lateral  spread. 

When  the  crop  was  ripe,  the  root  system  was  found  to  be 
slightly  more  extensive  (4  to  4.8  feet),  and  the  soil  mass  which  had 
been  delimited  earlier  was  more  thoroughly  occupied. 

Root  Variations  under  Different  Soils  and  Climates.— At 
Phillipsburg,  Kan.,  where  fairly  moist  mellow  soil  was  combined 
with  rather  arid  aboveground  conditions,  the  working  depth  and 
maximum  penetration  were  3.3  feet  and  6  feet,  respectively,  the 
first  season  and  3  feet  and  5.3  feet,  the  second.  But  at  Burling- 
ton, Colo.,  in  the  short-grass  plains,  quite  a  different  rooting 
habit  was  found.  Here,  drought  had  so  dwarfed  the  plants 
that  they  were  only  1.5  feet  tall  and  the  mature  panicles  were 
less  than  half  as  large  as  at  Lincoln.  Compared  with  the  growth 
in  more  humid  regions,  the  roots,  while  less  extensive,  were  much 
more  profusely  branched.  Many  young  roots  which  had  origi- 
nated near  the  surface  and  were  densely  woolly  with  root  hairs 
had  dried  out  and  died  after  reaching  a  length  of  only  0.3  to  3 
inches.  This  fact  leads  one  to  believe  that  the  excellent  develop- 
ment of  long,  rebranched  laterals,  especially  in  the  surface  1.5  feet 
of  soil,  may  be  correlated,  not  only  with  the  prevaihng  relatively 
low  water  content,  but  also  with  the  incapabilitj^  of  the  plant 
to  produce  new  absorbing  organs  in  the  dry  surface  soils.  The 
plants  had  partly  compensated  for  shallow  penetration  by  a  much 
more  thorough  occupancy  of  the  surface  soil.  The  root  habit, 
as  regards  surface  lateral  spread,  abundance  of  roots  at  all  angles 
to  the  vertical,  and  profuse  branching  to  the  very  root  ends,  was 
very  similar  to  that  of  wheat  grown  in  an  adjacent  plot  (Fig.  74). 

At  Flagler,  Colo.,  where  the  carbonate  layer  came  within  1.6 
feet  of  the  surface  and  below  which  dry  soil  occurred,  the  roots 
were  even  more  shallow.  The  working  depth  was  only  1.7  feet 
and  none  extended  2  feet  in  depth. 

The  results  of  a  study  of  the  root  habits  of  several  varieties  of 
oats  under  a  wide  range  of  soils  and  climate  are  given  in  Table  10. 
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Table  10. — Development  of  Oats  at  Various  Stations 


station 

Variety 
of  crop 

Soil 

Height 

of 
tops, 
feet 

Work- 
ing 

depth, 
feet 

Maxi- 
mum 
depth, 
feet 

Short-grass  plains: 

Flagler,  Colo 

Yellow  Kherson 
Yellow  Kherson 
Yellow  Kherson 

Very  fine 
sandy  loam 

Very  fine 
sandy  loam 

Very  fine 
sandy  loam 

2.2 
2.2 

2.S 

1.7 
4.0 

2.. 5 

1.9 

5.3 

3.0 

2.4 

1..5 

3.8 

2.  .5 

2..S 

2.7 

3.2 

4.0 
2.7 

3..') 

3.4 

Mixed  prairie: 

White  Kherson 

Texas  Red 

Sixty-day 
White  Kherson 

Very  sandy 

loam 
Very  fine 

sandy  loam 
Pierre  clay 
Very  fine 

sandy  loam 

4.0 

Ardmore,  S.  D 

4.8 
3.2 

4.6 

2.7 

.3.0 
2.0 
2.8 
3.0 
3.0 

3.4 

2.6 
3.1 
3.2 
4.2 
4.1 

4.2 

Tall-grass  prairie: 

White  Kherson 

White  Kherson 
White  Kherson 
White  Kherson 
White  Kherson 

Alluvial  silt 

loam 
Silt  loam 
Silt  loam 
Clay  loam 
Silt  loam 

3.4 
4.1 

3.8 

5.3 

5.3 

2.8 

3.4 

4   4 

Variations  in  Root  Habits  of  Different  Varieties. — The  root 

habits  of  University  No.  21  oats,  a  strain  of  the  White  Kherson, 
were  studied  in  loess  soil  along  the  Missouri  River  in  southeastern 
Nebraska.  The  differentiation  into  a  rather  widely  spreading, 
surface-absorbing  system  and  a  deeply  penetrating  portion  was 
quite  marked  long  before  the  final  examination,  92  days  after 
planting,  when  the  crop  was  ripening.  Of  mature  plants, 
the  lateral  spread  was  over  12  inches.  Roots  filled  the  soil  fairly 
well  to  a  depth  of  3.8  feet,  and  below  this  to  5.4  feet,  they  were 
quite  numerous.  The  crop  yielded  at  the  rate  of  63  bushels  per 
acre.  This  extensively  developed  root  system  undoubtedly 
plays  no  small  part  in  making  this  strain  of  Kherson  oats  one  of 
the  best  adapted  to  the  semiarid  conditions  of  Kansas  and 
Nebraska. 
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Fig.  81. — Swedish  select  oats  at  maturity. 


174  ROOT  DEVELOPMENT  OF  FIELD  CROPS 

The  root  system  of  Swedish  Select  oats,  grown  in  an  adjacent 
plot,  was  very  similar,  except  that  at  no  time  did  the  extent  or 
density  of  the  more  shallow  portion  of  the  root  system  even  closely 
approximate  that  of  University  No.  21.  The  depth  of  penetra- 
tion, however,  was  even  greater,  the  working  depth  being  4.6  feet 
and  the  maximum  penetration  6.8  feet  (Fig.  81). 

Data  on  rooting  habits  similar  to  those  preceding  have  been 
obtained  for  oats  grown  at  Fargo,  N.  D.,202,203  Manhattan, 
Kan. ,2''^  and  elsewhere. ^^^  Variations  in  root  depth,  etc., 
occur  not  only  in  different  soils  but  from  year  to  year  in  the  same 
soil.  Moreover,  extensive  experiments  on  the  root  development 
of  different  races  of  oats  grown  under  similar  conditions  show 
essential  differences  in  root  length,  etc.  It  has  been  found  that 
roots  increased  in  length  directly  with  the  lateness  of  ripening,  ^^s 
The  relation  of.  cultural  practices  to  root  habits  discussed  in  the 
chapter  on  wheat  applies  also  to  oats  and  the  other  smaller 
cereals. 

SUMMARY 

Oats  have  a  system  of  profusely  branched  fibrous  roots  which 
are  very  similar  to  those  of  spring  wheat.  This  is  true  not 
only  at  maturity  but  m  all  stages  of  their  growth.  The  roots 
develop  rapidly,  those  of  the  primary  system  reaching  a  depth  of 
6  to  8  inches  by  the  time  the  second  leaf  begins  to  appear.  Fre- 
quently, they  are  accompanied  at  this  time  by  3  or  4  roots  of  the 
secondary  system.  In  moist  open  soils,  during  favorable  seasons, 
they  may  extend  into  the  fourth  foot  by  the  end  of  60  days. 
The  general  volume  to  be  occupied  by  the  mature  roots  is 
delimited  early.  Later,  it  increases  a  little  in  diameter  and  con- 
siderably in  depth.  A  lateral  spread  of  6  to  11  inches,  a  working 
depth  of  2.5  feet,  and  a  maximum  depth  of  4  to  5  feet  are  usual. 
Great  masses  of  profusely  rebranched  roots  fill  the  surface  2  feet 
or  more  of  soil.  Root  habit  varies  greatly  with  soil  conditions. 
The  whole  root  system  is  sometimes  confined  by  lack  of  water 
penetration  to  the  surface  18  to  24  inches  of  soil,  but  in  deep, 
mellow,  fairly  dry  soil,  some  roots  penetrate  to  depths  of  over  6 
feet.  Under  the  latter  conditions,  a  marked  separation  of  the 
root  system  into  two  parts  is  often  apparent.  A  more  shallow, 
widely  spreading  part  occupies  the  surface  6  to  8  inches  and  the 
remainder  of  the  roots  form  the  deeply  penetrating  portion. 
Root  branching  and  depth  also  vary  with  the  variety.  : 


CHAPTER  VIII 
ROOT  HABITS  OF  BARLEY 

Barley  {Hordeum  rulgare)  is  grown  either  as  a  summer  or 
winter  annual.  The  root  system  is  very  much  like  that  of  oats 
and  spring  wheat.  Manchuria  barley  was  grown  in  experimental 
plots  in  both  upland  and  lowland  silt  loam  soil  at  Lincoln.  Root 
habit  was  studied  several  times  during  the  development  of  the 
crop. 

Early  Development. — When  3  inches  tall  and  in  the  second-leaf 
stage,  a  maximum  depth  of  penetration  of  10  inches  was  attained 
on  the  upland.  Unbranched  laterals  0.3  to  1  inch  in  length  were 
fairly  abundant  except  near  the  root  ends.  The  general  root 
habit  as  regards  fineness  of  roots,  branching,  and  lateral  spread 
was  almost  identical  with  that  of  spring  wheat  and  oats,  being 
somewhat  intermediate. 

Fifteen  days  later  (May  15),  when  the  plants  were  4.5  inches 
high  and  possessed  3  or  4  leaves  and  2  or  3  tillers,  the  roots  were  5 
to  11  in  number.  The  working  level  was  9  inches  but  some  roots 
were  2.2  feet  long.  A  maximum  lateral  spread  of  8  inches  had 
been  attained.  Short  secondary  branches  occurred  on  some  of 
the  older  roots.  As  among  the  other  cereals,  the  glistening 
white,  deeper  roots  often  ran  several  inches  without  branching. 

Half -grown  Plants.— By  June  3,  when  the  plants  were  in  the 
sixth-leaf  stage,  the  area  to  be  occupied  by  the  mature  root  sys- 
tem was  fairly  well  delimited  except  in  depth.  The  shallower 
roots,  which  spread  5  to  8  inches  on  all  sides  of  the  plants,  were 
somewhat  nearer  the  surface  than  those  of  wheat  or  oats  of 
the  same  age.  Of  the  10  to  17  main  roots,  the  shallowest  ended 
in  the  surface  3  inches  of  soil.  Many  reached  depths  of  1.5  to 
2.5  feet  and  a  few  were  3.2  feet  deep.  The  best  developed 
branches  were  in  the  surface  1.5  feet  of  soil.  Here,  often  as  many 
as  15  laterals  per  inch  occurred,  but  they  were  only  an  inch  or  two 
long  and  secondary  laterals  were  nowhere  abundant.  The  last 
6  to  12  inches  of  the  rapidly  growing  deeper  roots  were  entirely 
devoid  of  branches.     The  working  depth  was  1.8  feet. 
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Mature  Root  System. — At  the  time  of  blossoming,  when  the 
plants  were  2.3  feet  tall  and  only  fairly  well  tillered,  a  great 
tangle  of  well-branched  roots  spread  laterally  from  medium- 
sized  plants  to  distances  of  7  to  10  inches  and  occupied  the  soil 
thoroughly  to  the  working  level  at  2.7  feet.  Roots  were  quite 
abundant  8  to  10  inches  deeper,  the  longest  reaching  depths  of 
4.4  feet.  They  were  more  abundant  in  the  surface  3  inches  of 
soil  than  were  those  of  either  wheat  or  oats.  The  development 
of  secondary  rootlets  was  very  similar  to  that  of  wheat  or  oats. 
Wheat,  however,  was  more  abundantly  supplied  with  finer 
rootlets  than  either  oats  or  barley. 

When  the  grain  was  ripe,  22  days  later,  the  working  level  had 
reached  nearly  3  feet  and  the  maximum  depth  4.7  feet.  The 
volume  of  soil  under  the  plants  was  even  more  completely  filled 
with  great  masses  of  finely  branched  roots,  the  whole  forming  an 
exceedingly  efficient  absorbing  system.  On  the  lowland  where 
the  tops  were  more  luxuriant,  both  working  level  and  maximum 
root  penetration  were  about  half  a  foot  greater.  Similar  root 
relations  were  found  during  subsequent  years. 

Other  investigations,  where  barley  was  grown  in  large  pots, 
indicate  that  maximum  root  development,  as  regards  weight  of 
roots,  is  reached  at  about  the  time  that  fertilization  takes  place. 
Here,  root  growth  culminated  with  the  final  stage  of  preparation 
of  the  plant  for  grain  formation.  The  physiological  explanation 
of  this  is  that  during  the  period  of  vegetative  growth,  the  plant 
needs  large  supplies  of  nitrogen  and  ash  constituents  to  aid  in 
building  up  a  strong  shoot  in  readiness  for  grain  formation,  and 
the  root  constantly  increases  in  order  to  be  able  adequately  to 
meet  this  demand.  During  the  reproductive  phase,  on  the  other 
hand,  vegetative  development  is  reduced  to  a  minimum  and  the 
whole  energy  of  the  plant  is  diverted  towards  the  grain. 
Although  nitrogen  and  ash  constituents  are  just  as  essential  as 
before,  the  area  of  supply  is  increased  as  migration  of  these 
substances  from  the  straw  into  the  grain  goes  on  from  the 
outset. '  *  If  the  water  supply  is  limited,  however,  these  conditions 
may  be  somewhat  modified. 

Root  Variations  under  Different  Soils  and  Climates. — In  loess 
soil  in  northcentral  Kansas,  lateral  spread  of  roots  and  degree  of 
branching  were  very  similar  to  that  at  Lincoln,  but  the  depth  of 
penetration  was  somewhat  greater  (maximum  6.7  feet).  In 
the  short-grass  plains,  root  penetration  was  limited  by  dry  sub- 
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soil  to  the  surface  2  to  2.5  feet.  Under  these  drought  conditions, 
the  roots  extended  even  more  widely  in  the  surface  soils  than 
those  of  wheat.  Great  mats  of  branches  occurred  in  the  surface 
6  to  12  inches,  forming  a  profusely  developed  absorbing  system  on 
all  sides  of  the  plant,  even  to  a  distance  of  1  to  1.2  feet. 

Shoot  development  and  yield  were  correspondingly  reduced 
with  depth  of  root  penetration.  It  was  clearly  demonstrated 
that  this  shallow  root  habit  was  due  to  lack  of  moisture  in  the 
subsoil  and  not  to  soil  nutrients.  During  another  season,  an 
unusual  amount  of  soil  moisture,  partly  due  to  the  accumulation 
of  drifting  snow,  moistened  the  subsoil.  The  crop,  which  was  2.5 
feet  tall,  had  a  working  depth  of  4.2  feet  and  a  maximum  root 
penetration  of  5.7  feet  as  compared  with  a  maximum  penetration 
of  2.5  feet  in  the  dry  soil. 

At  Fargo,  N.  D.,  barley  reached  depths  of  at  least  4  feet,^^** 
and  at  Manhattan,  Kan.,  a  root  penetration  of  over  4.5  feet  has 
been  found. ^^^ 

In  the  deep,  mellow  loess  soil  of  southeastern  Nebraska, 
Manchuria  barley,  when  54  days  old,  had  a  slightly  greater 
height  growth  than  63-day-old  plants  at  Lincoln.  The  roots 
were  1.3  feet  deeper,  and  the  differentiation  of  the  root  system 
into  a  shallower  and  deeper  portion  was  clearly  indicated  (Fig. 
82).  The  deeply  penetrating  roots  varied  from  two  to  four  in 
number,  ran  vertically  or  obliquely  downward  and  were  pro- 
fusely branched,  sometimes  as  many  as  20  branches  occurring  on 
a  single  inch.  On  mature  plants,  the  shallow  portion  was 
scarcely  more  extensive  than  before,  extending  from  8  to  16 
inches  on  all  sides  of  the  plant.  The  primary  root  system  con- 
stituted the  part  which  penetrated  deeply.  Occasionally,  how- 
ever, a  root  which  had  developed  later  from  a  node  on  the 
stem  turned  downward  and  penetrated  deeply  into  the  subsoil. 
Many  roots  penetrated  to  over  5  feet  and  a  few  were  found  at 
6.3  feet.  Branching  extended  to  the  root  tips  and  showed  that 
growth  was  complete. 

Many  investigators  have  found  that  the  presence  of  fer- 
tilizers modifies  root  development  of  barley.  In  containers 
large  enough  so  that  the  roots  can  develop  normally  and  under 
field  conditions,  nitrate  fertilizers  at  anj^  level  lessen  root  pene- 
tration but  greatly  increase  branching.  ^-^  Potassium  salts  and 
phosphates,  on  the  other  hand,  greatly  promote  root  extent. 
When  liberally  fertilized  with  these  salts,  plants  in  moist  soil 


178 


ROOT  DEVELOPMENT  OF  FIELD  CROPS 


make  a  more  vigorous  growth  both  above  and  belowground,  the 
roots  extending  farther  into  the  substratum.  For  example,  at 
Rothamsted,  England,  in  a  very  shallow,  heavy  clay  soil  in  poor 
tilth,  with  a  compact  clayey  subsoil,  the  roots  of  barley  plants 
were  mostly  confined  to  the  top  2  inches,  and  none  were  found 


Fig.  82. — A,  Manchuria  barley  20  daya  old;  B,  54  days  old. 


below  6  inches.  Deficient  aeration  was  indicated  by  the  decay  of 
some  of  the  roots.  But  when  superphosphates  were  used,  the 
roots  were  somewhat  deeper,  and  in  the  plots  treated  with  barn- 
yard manure,  a  depth  of  9  inches  was  attained.  The  plants 
responded  readily  to  the  favorable  conditions  of  penetrability  and 
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aeration  under  pot  cultures.  They  soon  reached  the  bottom  of 
the  pots,  which  were  14  inches  deep,  where  they  curved  about  and 
formed  an  extensive  growth.  ^^ 

SUMMARY 

Barley,  when  grown  in  rich  deep  soil,  has  a  root  habit  very 
similar  to  that  of  spring  wheat  and  oats;  the  fineness  of  the  roots, 
degree  of  branching,  and  lateral  spread  often  being  intermediate. 
As  in  these  cereals,  the  soil  volume  to  be  occupied  is  early 
delimited,  except  in  depth,  by  the  widely  spreading  roots.  A 
lateral  spread  of  6  to  12  inches  is  usual,  great  masses  of  well- 
branched  roots  frequently  filling  the  soil  to  a  depth  of  3  to  3.5  feet 
and  maximum  depths  of  4.5  to  6.5  feet  are  frequently  attained. 
Sometimes,  the  differentiation  of  the  root  system  into  a  shallower 
portion  and  a  deeply  penetrating  portion  is  very  distinct.  Barley 
roots  often  occur  nearer  the  surface  than  those  of  oats  or  wheat. 
The  root  system  is  very  plastic,  and  where  dry  soil  prevents 
normal  penetration,  lateral  spread  and  degree  of  branching  are 
greatly  emphasized.  Poorl}^  aerated,  heavy  clay  soils  may  cause 
the  roots  to  be  very  superficial.  Addition  of  fertilizers  promotes 
root  development. 


CHAPTER  IX 

ROOT  HABITS  OF  CORN  OR  MAIZE 

Corn  {Zea  mays  indentata)  is  a  summer  annual.  It  has  a 
coarse  fibrous  root  system  which  spreads  widely  and  penetrates 
deeply.  The  depth  of  planting  apparently  bears  no  relation  to 
the  depth  of  rooting.  The  first  whorl  of  roots  usually  arises 
within  an  inch  or  two  of  the  soil  surface,  even  if  the  seed  is 
planted  several  inches  deep.     In  this  respect,  it  is  similar  to  other 


Fig.   83. — Iowa  Silver  Mine  corn  .36  days  old. 

cereals.  All  of  the  roots,  except  those  arising  directly  from  the 
seed  (usually  three  in  number),  come  from  the  nodes  in  whorls. 
But  since  the  internodes  are  very  short,  careful  examination  is 
often  necessary  to  ascertain  the  origin  of  the  2  to  10  or  more  roots 
from  each  node.  The  entire  group  of  whorls  constitutes  the 
root  crown. 

Early  Development. — The  general  root  habit  is  well  illustrated 
by  Iowa  Silver  Mine  corn  grown  in  loess  soil  in  eastern  Nebraska. 
This  crop  was  planted  on  May  9,  after  the  soil  had  been  shallowly 
plowed  and  harrowed.     The  rows  were  3  feet  apart,  and  the 
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kernels  were  drilled  3.5  inches  deep  and  1.4  feet  apart.  When 
the  corn  was  5  weeks  old,  it  had  the  root  habit  shown  in  Fig.  83. 
Both  the  seminal  and  adventitious  roots  were  confined  almost 
entirely  to  the  surface  foot  of  soil.  The  roots  were  coarse,  from 
10  to  15  in  number,  about  1.5  millimeters  thick,  and  ranged  in 
length  from  1  inch  to  over  2.5  feet.  Throughout  their  length, 
except  near  the  tip,  thej^  were  profusely  branched,  33  rootlets 
sometimes  occurring  on  a  single  inch  of  the  main  root.  The 
branches  varied  from  a  few  millimeters  to  over  4  inches  in  length 
and  were  themselves  rebranched.  Only  8  to  12  inches  of  each 
of  the  younger,  rapidly  growing  root  ends  were  free  from  laterals. 

Midsummer  Growth. — When  the  crop  was  4  feet  tall  and  the 
stalks  had  about  12  leaves  each,  a  second  examination  was  made. 
This  was  on  July  5,  8  weeks  after  planting.  During  the  3  weeks 
since  the  first  examination,  a  remarkable  extension  of  the  root 
system  had  taken  place.  The  main  lateral  roots  had  extended 
even  more  widely,  some  of  them  to  4  feet  from  the  base  of  the 
stalk.  Many  of  them  had  turned  downward  rather  abruptly, 
penetrating  into  the  second  and  third  and  even  into  the  fourth 
foot  of  soil  (Fig.  84).  In  addition  to  these,  an  entirely  new  group 
of  roots  had  arisen.  These  penetrated  more  or  less  vertically 
downward  3  to  4  feet  and  filled  the  soil  beneath  the  plant.  This 
region  had  not  been  penetrated  by  the  main  lateral  root  system. 
Thus,  the  main  vertical  roots  supplemented  the  main  lateral 
ones.  The  longest  of  the  vertically  penetrating  roots  had  grown 
at  the  rate  of  over  2  inches  per  day.  That  growth  was  not  j^et 
complete  was  shown  by  the  abundance  of  new  roots,  some  of 
which  were  only  a  few  inches  long  and  had  succulent  turgid 
ends  3  to  4  millimeters  thick.  Moreover,  it  was  clear,  from  the 
absence  of  root  hairs  and  branches  near  the  ends  of  even  the 
oldest  roots,  that  they  were  still  elongating.  The  longest 
branches  were  confined  to  the  first  foot  of  soil.  Many  extended 
to  within  half  an  inch  of  the  surface.  These,  with  their  many 
ramifications,  formed  an  intricately  dense  and  efficient  absorbing 
system. 

At  this  time,  the  roots  of  neighboring  stalks,  which  were  only 
16  inches  apart,  had  greatly  overlapped.  Indeed,  roots  of 
plants  in  adjoining  rows,  3  feet  apart,  were  drawing  upon  the  same 
soil  area  for  water  and  nutrients.  Since  many  roots  grew  so  near 
the  surface,  the  field  was  cultivated  shallowly  with  a  hoe  in  order 
not  to  disturb  them. 
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The  large  quantities  of  water  transpired  by  corn  in  eastern 
Nebraska  have  been  measured,  275  pounds  or  34  gallons  (over  a 
barrel  of  water)  usually  being  needed  to  mature  a  single  stalk  of 
corn. 

Mature  Root  System. — The  root  system  of  maturing  plants 
was  excavated  and  examined  on  Sept.  2.  The  stalks  were  8  to  9 
feet  high,  and  though  a  few  leaves  had  dried-  most  of  them  were 


Ficj.   S.j. — Mature  root  system  of  corn. 


still  green.  The  husks  on  the  ears  were  beginning  to  dry,  and  the 
kernels  were  dented.  The  crop  had  completed  its  root  growth. 
The  main  lateral  root  system  (Fig.  85)  had  scarcely  increased  over 
that  found  early  in  July.  Most  of  the  roots  of  this  type  were 
found  in  the  first  foot  or  two  of  soil.  Some  retained  a  nearly 
horizontal  position  throughout  their  entire  course.  Others  ran 
at  various  angles  from  a  few  inches  to  3  feet  or  more  and  then 
turned  downward  either  abruptly  or  with  a  gentle  curve.     The 
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longest  extended  into  the  third  and  fourth  foot  of  soil,  or  even 
deeper.  Branching  throughout  was  even  more  profuse  than 
before.  Unlike  the  shallower  portion  of  the  root  system, 
the  more  deeply  penetrating  part  had  made  a  marked  develop- 
ment. The  number  of  roots  varied  from  20  to  35.  They  either 
ran  straight  downward  from  the  base  of  the  plant  or  obliquely 
outward  to  a  distance  of  2  feet  or  more  and  then,  with  a  graceful 
curve,  took  the  perpendicular  line  of  grow^th.  A  few  were  short 
and  did  not  grow  deeper  than  1  to  2  feet,  many  extended  G  to  7 
feet  deep,  and  a  few  to  over  8  feet.  All  were  profusely  branched 
with  laterals  ranging  from  less  than  an  inch  to  15  inches  in  length. 
Usually  10  to  12  of  these  branches  with  their  sublaterals  occurred 
on  an  inch  of  the  main  root.  Thus,  over  200  cubic  feet  of  soil  and 
subsoil  were  quite  thoroughly  drawn  upon  for  water  and  nutrients 
by  the  roots  of  a  single  plant. 

A  part  of  these  deeply  penetrating  roots  originated  as  "prop" 
or  brace  roots.  These  arose  in  whorls  from  the  lower  nodes 
aboveground.  The  aerial  roots  extended  obliquely  downward 
until  they  entered  the  soil.  They  were  covered  with  a  mucilagi- 
nous substance  which  protected  them  from  drying.  The  portion 
in  the  air  stratum  was  unbranched,  but  after  entering  the  soil, 
they  could  not  be  distinguished  from  the  other  roots.  They 
performed  the  double  role  of  anchorage  and  absorption. 

Summarizing,  the  shallower  part  of  the  root  system  (main 
lateral  roots)  completed  its  development  early,  so  far  as  lateral 
spread  was  concerned.  The  main  vertical  roots  developed  later 
and  continued  to  increase  in  number  and  extent  until  well 
towards  the  time  of  maturity.  The  lateral  spread  on  all  sides 
of  the  plant  w^as  approximately  4  feet  and  the  maximum  penetra- 
tion 8  feet.  Thus,  corn  is  furnished  with  a  remarkably  extensive 
and  efficient  root  system. 

Relation  of  Root  Habits  to  Tillage  Practice. — A  study  of  the 
root  habit  shows  clearly  why  corn  does  best  on  a  deep,  well- 
drained  soil  which  has  an  abundant  and  uniform  supply  of  water 
throughout  the  growing  season.  If  the  soil  is  well  prepared 
before  planting,  the  main  benefits  of  cultivation  are  derived  from 
keeping  own  weeds,  preventing  the  crusting  of  the  surface,  and 
keeping  the  soil  receptive  to  rainfall.  The  superficial  position 
of  the  roots  shows  clearly  why  deep  cultivation  is  harmful.  For- 
tunately, weeds  are  most  easily  destroyed  when  coming  through 
the  surface  of  the  soil  by  shallow  cultivation  such  as  harrowing 
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surface-planted  corn.  This  also  breaks  the  soil  crust,  giving  a 
drier  and  warmer  soil  and  more  vigorous  crop  growth.  The 
harmful  effect  of  letting  weeds  grow  for  a  time  is  not  entirely  due 
to  their  rapid  removal  of  water  and  plant  food  materials  from  the 
soil,  but  to  the  breaking  of  the  corn  roots  due  to  the  deeper  culti- 
vation necessary  for  weed  eradication. 

An  examination  of  the  half-grown  root  system  explains  why 
late  tillage,  except  for  weed  eradication,  is  of  little  value.  The 
roots  are  so  well  distributed  through  the  soil  that  little  moisture 
can  escape  even  from  uncultivated  land.  Hilling  at  the  last 
cultivation  not  only  acts  as  a  mechanical  support  to  the  stem  but 
also  encourages  the  development  of  brace  roots  which  are  an  addi- 
tional aid  in  holding  up  the  plant  against  strong  winds.  But  if 
hilled  early,  later  cultivation  partly  removes  the  hill  and  exposes 
a  portion  of  the  root  system.  Even  shallow  cultivation  cuts  off 
many  of  the  roots,  and  deep  cultivation  is  very  harmful  and 
greatly  decreases  the  yield.  Cultivation  to  a  depth  of  4  inches 
during  a  period  of  9  years  in  Ohio  gave  a  decreased  yield  every 
season  but  one,  as  compared  with  similar  cultivation  to  a  depth  of 
1.5  inches.  The  average  decrease  per  acre  was  4  bushels  of  grain 
and  183  pounds  of  fodder.^'^°  In  Indiana, ^^^  very  similar  results 
have  been  obtained.  In  Missouri,  deep  cultivation  compared 
with  shallow  reduced  the  yield  6.5  to  13  bushels  per  acre.-^^'*^ 
The  harmful  effects  of  deep  cultivation  are  always  more  pro- 
nounced during  years  of  drought.  In  Illinois  where  the  roots 
were  pruned  to  a  depth  of  4  inches  at  a  distance  of  6  inches  from 
the  hill,  the  yield  was  decreased  17  bushels  per  acre.'*-  For  the 
highest  yields,  cultivation  should  never  be  deep  enough  to  injure 
the  roots  seriously.  They  should  be  allowed  to  occupy  fully  the 
richest  portion  of  the  soil,  which  is  usually  the  furrow  slice.  The 
proper  type  of  cultivation  is  one  which  is  deep  enough  to  kill 
the  weeds  but  shallow  enough  to  reduce  root  injury  to  a 
minimum. 

Why  listed  corn  stands  dry  weather  better  and  why  this  method 
of  growing  corn  is  more  successful  in  regions  of  limited  rainfall  and 
on  comparatively  light  types  of  soil  may  be  explained  in  part  by 
root  development.  The  root  system  begins  its  growth  deeper  in 
the  soil,  is  further  covered  by  each  tillage,  and  is,  therefore,  not 
so  subject  to  drought  as  is  that  of  surface-planted  corn.  Listed 
corn  stands  up  better  and  is  very  rarely  blown  down  on  account 
of  the  roots  pulling  out.     This  is  probably  due  in  part  to  the 
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more  favorable  conditions  stimulating  the  growth  of  prop  roots. 
A  comparison  of  the  rooting  habit  of  listed  and  surface-planted 
corn  is  worthy  of  detailed  study. 

The  wide  spread  of  corn  roots  is  an  important  factor  in  compe- 
tition. Where  the  soil  will  stand  a  heavy  rate  of  planting,  as 
moist  bottom  land,  undoubtedly  the  increased  yield  of  drilled 
over  hill-planted  corn  is  due  in  part  to  the  better  distribution  of 
the  root  system.  Another  reason,  aside  from  better  light, 
may  be  due  to  the  fact  that  the  roots  are  damaged  less  than  under 
the  hill  method  where  cross  cultivation  is  practiced.  ^"^  It  has 
been  clearly  demonstrated  that  the  results  obtained  by  the  "ear 
to  the  row"  method  in  variety  selections,  etc.,  are  often  vitiated 
by  the  competition  of  roots  and  tops  of  plants  growing  in  close 
proximity. '^^''  Why  the  rate  of  planting  should  be  decreased  in 
drier  and  poorer  soils  may  be  readily  understood  by  examin- 
ing the  extensive  root  system  and  the  large  amount  of  water 
absorbed  by  the  corn  plant. 

Variations  in  Root  Habit  under  Different  Degrees  of  Irriga- 
tion.— Like  most  other  plants,  corn  shows  marked  variations  in 
root  habit  when  grown  in  soils  of  different  texture  and  chemical 
composition,  since  these  not  only  affect  available  nutrients  but 
water  content  and  aeration.  Some  illuminating  experiments 
were  conducted  at  Greeley,  Colo.^'^*  Here,  in  fine  sandy  loam 
soils  of  very  similar  physical  and  chemical  composition,  crops 
were  grown  under  different  amounts  of  irrigation.  The  annual 
rainfall  is  only  13  inches  and  irrigation  is  widely  practiced.  A 
yellow  dent  corn,  Minnesota  No.  13,  a  variety  considered  the  best 
adapted  to  this  region,  was  used.  It  was  grown  in  plots  which 
were  all  treated  alike  as  regards  seed-bed  preparation,  time  and 
rate  of  seeding,  shallow  cultivation,  etc.  One  of  the  plots 
received  no  irrigation  water,  another  was  irrigated  only  lightly, 
and  the  third  was  fully  irrigated.  Moreover,  the  irrigated  plots 
had  been  fertilized  uniformly  with  5  tons  of  barnyard  manure 
per  acre. 

Early  Development. — At  the  end  of  6  weeks,  when  the  crop  was 
12  to  15  inches  tall,  the  root  systems  were  examined.  Marked 
differences  were  apparent.  In  the  fully  irrigated  soil,  where  both 
water  and  nutrients  were  plentiful,  the  roots,  as  is  normally  the 
case,  were  almost  all  in  the  surface  foot.  Nearly  all  were  quite 
parallel  with  the  soil  surface,  and  in  fact,  the  bulk  of  them  were 
in  the  surface  6  inches  of  soil.     Only  a  few  ran  obliquely  down- 
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ward  and  entered  the  second-foot  layer  (Fig.  86).  But  in  the  dry 
land,  where  only  4  to  5  per  cent  of  available  water  was  present, 
the  direction  of  growth  was  different.  Although  a  few  roots  ran 
rather  horizontally,  most  of  them  grew  outward  and  downward 


Fig.   86. — ^Root  system  of  6- weeks-old  corn:  .4,  fully  irrigated  soil;  B,  lightly 
irrigated;  and  C,  dry  land. 

1  to  2  feet.  The  longest  extended  2.5  feet,  where  they  turned 
downward  into  the  second  foot  of  soil.  In  fact,  this  latter  tend- 
ency was  marked,  roots  seeming  to  seek  moister  areas.  Some 
of  the  more  nearly  vertical  roots  even  e.xtended  a  little  into  the 
third  foot.  Root  habit  in  the. lightly  irrigated  plot  was  inter- 
mediate.    Although  the  number  of  roots  was  the  same  in  all 
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three  plots,  there  were  great  differences  in  both  number  and 
length  of  branches.  In  the  fully  irrigated  soil,  they  averaged  12 
per  inch  of  main  root  as  compared  with  27  in  dry  land.  Branches 
in  the  fully  irrigated  soil  were  only  2  inches  long,  with  9  branch- 
lets  per  inch  on  an  average;  in  dry  land,  they  averaged  twice  as 
long  and  also  had  twice  as  many  sublaterals. 

Midsummer  Root  Habits. — Further  studies  on  July  11,  17  days 
later,  showed  even  greater  differences.  No  efficient  rain  had 
fallen,  and  only  2  to  4  per  cent  of  available  moisture  occurred  at 
any  depth  in  the  dry  land.  Water  in  the  surface  6  inches  was 
entirely  exhausted.  The  corn  was  beginning  to  tassel  in  all  the 
plots,  although  it  was  only  2  feet  tall  in  the  dry  land,  where 
it  showed  the  effects  of  continued  drought.  The  leaves  were 
tightly  rolled  during  the  hottest  part  of  the  day,  and  sufficient 
water  was  not  available  for  them  to  recover  even  during  the  cool 
nights. 

In  response  to  the  low  water  content,  the  roots  had  made  a 
more  extensive  growth  in  the  dry  land  than  in  either  of  the  other 
plots.  The  lateral  spread  had  been  increased  to  a  maximum  of 
42  inches,  furnishing  water  from  a  region  hitherto  unoccupied. 
This  exceeded  that  of  the  fully  irrigated  plants  by  14  inches.  The 
vertically  penetrating  main  roots  were  well  developed,  reaching  a 
working  depth  of  30  inches  and  a  maximum  penetration  of  46 
inches.  This  was  very  different  from  those  in  the  moister 
manured  soil  (Fig.  87).  Here,  although  the  stalks  were  a  foot 
taller,  three-fourths  of  the  root  system  was  still  limited  to  the 
surface  foot.  The  working  level  was  only  24  inches  and  the  maxi- 
mum penetration  4  inches  greater.  Branching,  as  at  the  preced- 
ing examination,  was  much  less  pronounced  and  the  laterals 
were  very  much  shorter.  The  soil  of  intermediate  water  and 
air  content  contained  roots  that  were  intermediate  in  many 
respects  to  those  described. 

Mature  Root  Systems. — During  September,  the  mature  plants 
were  examined.  In  the  dry  land,  drought  was  so  severe  that  the 
corn  had  "  fired  "  and  lost  most  of  its  leaves  during  July.  It  was 
only  3.5  feet  tall,  and  the  ears  were  very  poorly  developed.  The 
irrigated  corn  was  7  feet  tall  and  indicated  a  heavy  yield. 

Practically  no  change  had  occurred  in  the  roots  in  dry  land, 
except  a  more  thorough  occupation  of  the  soil  directly  below  the 
plant.  Branches  now  occurred  on  all  the  roots  to  their  very  tips. 
The  roots  were  unable  to  furnish  sufficient  water  to  keep  the  leaves 
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turgid  and  these  in  turn  failed  to  supply  the  materials  needed  for 
further  root  growth.  But  in  the  fully  irrigated  plot,  marked 
changes  had  occurred.  The  roots,  formerly  confined  to  the  first 
foot  or  two  of  soil,  now  extended  into  the  fifth  and  sixth  foot,  and 
many  of  the  horizontal  ones  had  likewise  turned  downward  and 
penetrated  deeply.     A  working  depth  of  40  inches  and  a  maxi- 


FiG.  87. 


-Root  system  of  corn  about  8  weeks  old:  A,  dry  land;  B,  fully  irrigated 
soil. 


mum  penetration  of  nearly  6  feet  were  found.  Seepage  water 
occurred  at  the  6-foot  level.  This  fine  root  system  was  surpassed, 
however,  by  that  in  the  drier  and  somewhat  more  sandy  soil  of 
the  lightly  irrigated  plot.  As  in  the  former  case,  there  were  50 
to  70  major  roots.  The  root  habit  was  practically  identical  with 
that  grown  in  loess  soil  (Fig.  85),  the  working  depth  and  maxi- 
mum penetration  being  about  a  foot  less. 
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It  is  interesting  to  note  that  the  yield  was  in  direct  relation  to 
the  extent  of  the  mature  root  system.  This  was  at  the  rate  of  25 
bushels  per  acre  in  dry  land,  102  bushels  in  fully  irrigated  (later, 
water-logged)  soil,  and  115  bushels  in  the  lightly  irrigated  plot. 

Root  Development  under  Increased  Precipitation. — These 
studies  were  continued  during  the  following  year,  which  was  one 
of  abnormally  high  rainfall.  The  showers  were  not  only  heavier 
than  usual  but  quite  well  distributed,  thus  promoting  a  good  crop 
growth  even  on  the  dry  land.  Owing  to  the  better  watered  soil, 
the  young  roots  showed  a  more  normal  surface  spread  with  less 
tendency  to  turn  downward.  The  branches  were  also  fewer 
and  shorter  than  during  the  preceding  year.  The.  top  growth  was 
far  more  luxuriant  (yield,  51  bushels  per  acre)  and  the  roots  too 
were  much  more  extensive.  They  had  no  greater  lateral  spread, 
but  the  working  level  (about  4  feet)  was  16  inches  deeper  and  the 
maximum  penetration  was  5.5  feet.  The  length  of  branches 
was  again  greater  than  in  the  fully  irrigated  plot  where  root 
behavior  was  almost  identical  with  that  of  the  preceding  year. 
Moreover,  owing  to  smaller  differences  in  water  content  than 
formerly,  root  habit  in  the  lightly  watered  plot  was  more  nearly 
like  that  in  the  fully  irrigated  one.  These  results  show  clearly 
the  profound  modifications  that  are  brought  about  by  differences 
in  environment.  Since,  in  these  experiments,  the  aerial  environ- 
ment, i.e.,  temperature,  humidity,  wind,  evaporation,  etc.,  was 
nearly  the  same  in  the  several  plots,  the  differences  were  due  to 
edaphic  or  soil  factors.  Among  these,  as  has  been  pointed  out, 
physical  and  chemical  composition  of  soil  was  very  much  the 
same  (except  for  manuring) ,  and  temperatures  at  all  correspond- 
ing depths  were  almost  identical.  Hence,  the  controlling  factor 
in  root  variation  was  water  content. 

Other  Investigations  on  Com. — The  root  habits  of  corn  have 
been  examined  more  or  less  thoroughly,  usually  in  connection 
with  tillage  experiments,  in  widely  separated  areas  in  the  United 
States.  At  Geneva,  N.  Y.,  the  lateral  spread  was  found  to  be 
3.7  feet,!'*  ^y^  ^^g  j-oots  were  traced  to  a  depth  of  only  2.8  feet.^^^ 
In  stiff  clay  soil  in  Pennsylvania,  corn  seemed  to  be  a  shallow- 
rooted  plant."  In  Illinois,  root  habits  have  been  observed 
which  were  very  similar  to  those  described,  the  plants  having  a 
depth  of  6  feet  or  more.^^  At  Madison,  Wis.,  it  has  been  found 
that  corn  roots  grow  4  feet  deep  and  in  well-drained  soils  even 
deeper, ^21  under  good  cultivation  drawing  upon  soil  water  in 
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considerable  quantities  at  depths  greater  than  7  feet.^--  Corn 
roots  commonly  reach  a  depth  of  3.5  to  4  feet  at  Fargo,  N.  D.,-"'- 
and  at  Manhattan,  Kan.,^"'*  they  have  been  found  at  depths  of 
4  to  5  feet.  Corn  grown  at  Garden  City,  Kan.,  in  sandy  loam 
soil  which  was  irrigated  in  the  fall,  after  plowing,  with  8  to  10 
inches  of  water,  had  much  deeper  roots.  ^'*''  A  lateral  spread  of  3.7 
feet  and  a  depth  of  6  feet  were  found.  Root  development  at  vari- 
ous stages  of  growth  were  in  alles.3entials  similar  to  those  described. 
In  comparing  these  results,  it  should  be  kept  in  mind  that 
disagreements  are  due,  in  part,  to  environment  and  also  to 
varietal  differences  in  the  crops  examined.*^  Moreover,  in 
some  cases,  the  roots  were  not  traced  to  their  extremities. 
Experimental  evidence  indicates  that  there  are  fundamental 
differences  in  root  sj^stems  of  various  inbred  strains  of  corn.^-^ 
Reduced  root  systems  occur  among  strains  susceptible  to  root 
rot  and  leaf  firing.  Not  only  do  they  have  significantly  smaller 
numbers  of  main  roots  than  plants  of  good  strains,  but  the 
number  and  length  of  lateral  branches  are  also  much  less.  In 
some  cases,  there  seems  to  be  an  actual  deficiency  in  the  root 
system  compared  with  the  vegetative  growth  above  ground. 
Certain  strains  have  such  limited  and  inefficient  root  systems 
that  they  are  unable  to  function  normally  during  July  and 
August,  when  soil  moisture  is  low.  Plants  with  reduced  root 
systems  are  much  more  susceptible  to  lodging  and  give  a  lower 
grain  production.  Differences  in  the  character  of  the  root 
system  are  heritable  (Fig.  19).-'^ 

SUMMARY 

In  conclusion,  it  may  be  said  that  corn  has  a  remarkably  widely 
spreading,  deeply  penetrating,  and  profusely  branching  root 
system.  A  lateral  spread  of  3.5  feet  on  all  sides  of  the  plant  is 
not  uncommon  even  early  in  its  development,  and  a  depth  of 
penetration  of  5  to  6  feet  is  usual.  The  degree  of  spreading  as 
well  as  the  depth  varies  somewhat  with  soil  and  other  conditions, 
the  root  system  probably  reaching  its  greatest  development  in 
deep,  mellow  soils  only  moderately  well  supplied  with  water. 
But  even  in  stiff  clay  soils,  the  roots  are  by  no  means  superficial. 
Although  much  more  study  is  needed,  it  is  already  certain  that 
extent  and  distribution  of  root  systems  are  very  important  fac- 
tors in  determining  the  economic  value  of  different  strains  of 
jorn  and  their  adaptability  to  varying  conditions. 


corn 
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CHAPTER  X 
ROOT  HABITS  OF  SORGHUM 

All  of  the  many  varieties  of  sorghum  (Andropogon  sorghum)  are 
annuals.  They  have  a  well-developed  root  system  similar  to 
that  of  corn  but  generally  finer  and  more  fibrous.  Shortly 
after  germination  and  the  growth  of  the  radicle  or  seed  root, 
"the  first  node  develops  below  the  surface  and  from  this  node 
the  first  permanent  roots  develop.  After  the  permanent  roots 
begin  to  function,  the  temporary  root  [radicle]  soon  decays.  "^^' 

Mature  Root  Habit  of  Black  Amber  Sorghum. — The  Black 
Amber  variety  of  the  sorgo  group  was  grown  in  both  upland  and 
lowland  soil  at  Lincoln.  Three  months  after  sowing,  when  the 
plants  were  full  grown  and  the  seeds  were  maturing,  the  root 
habit  was  studied.  The  tough  fibrous  roots  were  3  to  4  milli- 
meters in  diameter  at  their  origin  and  often  1  millimeter  thick 
at  a  depth  of  4  feet.  They  were  of  a  grayish-white  color,  those 
near  the  surface  being  strongly  tinged  with  red,  but  the  deeper, 
younger  roots  were  glistening  white.  The}^  were  very  numerous 
and  completely  occupied  the  hard,  dry  soil  beneath  the  plants. 
Branches  from  J4  inch  to  3  inches  long  were  exceedingly  abun- 
dant and  were  quite  well  rebranched.  In  the  more  mellow  surface 
soil,  these  branches  spread  somewhat  widely  in  all  directions,  but 
in  the  hard,  jointed  subsoil,  the  branching  was  confined  largely 
to  the  crevices  and  was  in  one  plane.  The  abundant  ultimate 
branches  were  hair-like,  shining  white,  and  exceedingly  dehcate. 
Not  infrequently,  they  occurred  in  clusters  of  three  to  five  on  a 
miUimeter  of  root  length.  Often,  they  formed  cobweb-like 
mats  covered  with  root  hairs  in  the  deeper  soil  crevices.  As 
a  whole,  the  absorbing  system  of  sorghum  is  very  efficient  and  so 
well  distributed  throughout  the  soil  that  it  can  thoroughly 
exhaust  it  of  the  water  available  for  plant  growth.  In  both 
plots,  the  roots  reached  a  working  depth  of  4  feet,  although  the 
average  height  of  tops,  4.4  feet,  of  the  more  vigorous  plants  in 
the  lowland  exceeded  that  in  the  upland  by  1.4  feet.  A  maxi- 
mum depth  of  about  4.6  feet  was  attained. 

192 


ROOT  HABITS  OF  SORGHUM  193 

Mature  Root  Habit  of  Folger  Sorghum. — The  Folger  variety 
of  sorgo  was  examined  in  a  compact,  upland,  sandy  loam  soil  at 
Manhattan,  Kan.-°^  Plants  2.5  months  old  had  roots  which 
resembled  those  of  corn,  although  the  fibrous  growth  of  roots 
near  the  surface  was  much  less  prominent.  Midway  between  the 
hills,  which  were  3.5  feet  apart,  the  roots  were  6  inches  below 
the  surface,  and  at  the  hill,  the  average  depth  was  nearly  3  inches, 
which  was  fully  as  deep  as  the  seeds  were  planted.  Some  roots 
reached  depths  of  3  feet.  At  maturity,  the  surface  soil  was  much 
more  thoroughly  occupied,  often  to  the  ground  line;  the  working 
depth  was  also  greater,  some  roots  extending  to  the  3.5-foot  level. 

Mature  Root  Habit  of  Kafir. — Kafir  corn  of  the  Blackhulled 
white  variety,  grown  at  the  same  station,  2"*  had  roots  penetrating 
to  a  depth  of  nearly  3  feet  when  the  plants  were  4  feet  tall  and 
nearly  2.5  months  old.  But  the  greater  number  did  not  pene- 
trate below  18  inches.  The  roots,  though  similar  to  those  of 
corn,  were  finer  and  more  fibrous,  but  coarser  than  those  of  the 
sorgo  roots  just  described.  The  vertical  growth  was  much  less 
strongly  developed  than  in  corn,  but  roots  in  the  surface  soil  were 
more  strongly  developed.  At  maturity,  the  greater  portion  of 
the  roots  did  not  exceed  3  feet  in  depth,  although  some  were 
found  at  3.5  feet. 

Root  Development  of  Blackhull  Kafir  and  Dwarf  Milo. — The 
root  habits  of  the  grain  sorghums,  Blackhull  kafir  and  Dwarf 
milo,  have  been  thoroughly  studied  in  sandy  loam  soil  at  Garden 
City,  Kan.^*"  The  crops  were  grown  in  rows  3.7  feet  apart,  the 
plants  being  8  to  18  inches  apart  in  the  row.  The  plots  were 
well  irrigated  the  preceding  autumn  but  not  cultivated  after 
planting,  the  weeds  being  kept  out  by  scraping  the  surface  with  a 
hoe.  Roots  were  examined  at  four  stages  of  development. 
When  the  tops  were  1  foot  tall  and  in  the  6-  to  8-leaf  stage,  12  to 
15  roots  from  each  plant  penetrated  to  a  depth  of  1  foot,  although 
some  of  them  were  1.5  feet  deep.  The  lateral  spread  was  3  feet 
and  the  upper  soil  was  well  filled  with  roots  to  within  ^  inch  of 
the  surface  (Fig.  88). 

When  the  plants  were  7  weeks  old  and  2.5  feet  tall,  the  wide 
lateral  spread  of  nearly  all  of  the  roots  was  very  marked. 
Although  they  reached  out  laterally  3  feet  in  milo,  yet  none  were 
over  2.8  feet  deep.  The  kafir  was  only  2.5  feet  deep  but  had  a 
lateral  spread  of  4  feet.  Branching  was  profuse  throughout,  an 
average  of  30  laterals  occurring  per  inch  of  main  root. 
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Fig.  88. — Root  system  of  a  Dwarf  mile  plant  on  June  24  at  the  age  of  4  weeks. 
Maximum  lateral  spread  is  3  feet.      (After  Edwin  C.  Miller.) 


Fiu.  89. — Rout  .systems  of  two  Dwarf  milo  plants  on  Sept.  3  when  the  seed  was  in 
the  milk  stage.     (After  Edwin  C.  Miller.) 
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Further  studies  were  made  when  the  milo  and  kafir  were  3  and 
4  feet  tall,  respectively,  the  former  in  the  seed-forming  stage  and 
the  latter  just  heading.  The  lateral  spread  had  increased  to 
about  3.0  feet  for  milo,  and  both  varieties  had  greatly  increased 
their  absorbing  area  in  the  deeper  soil.  A  maximum  depth  of  4 
feet  was  attained. 

A  final  examination,  when  the  plants  were  maturing  seed  and 
the  height  of  the  milo  and  kafir  was  3  and  5  feet,  respectively, 
showed  still  further  root  growth.  Both  had  a  very  profusely 
branched  root  system  reaching  3  to  4  feet  on  all  sides  of  the  plant 
and  penetrating  to  a  depth  of  6  feet  (Fig.  89). 

Relation  of  Root  Habit  to  Drought  Resistance  and  Growth  in 
Poor  Soil. — The  preceding  study  was  undertaken  primarily  to 
determine  the  fundamental  characteristics  possessed  by  the 
sorghums  which  enable  them  to  withstand  severe  climatic  condi- 
tions better  than  corn.  In  these  experiments,  Pride  of  Saline 
dent  corn  was  grown  in  alternate  rows  with  the  sorghums.  It  is 
worthy  of  note  that  the  primary  and  secondary  roots  of  both 
sorghums  at  all  stages  of  growth  were  more  fibrous  than  those  of 
corn.  Each  of  the  three  kinds  of  plants  at  any  period  of  growth 
possessed  the  same  number  of  primary  roots,  and  the  general 
extent  of  these  roots  in  both  a  horizontal  and  a  vertical  direction 
was  the  same  for  all.  The  length  of  the  secondary  roots  was  also 
found  to  be  approximately  the  same  at  any  examination,  but  it 
was  ascertained  that  the  number  of  secondary  roots  per  unit  of 
length  of  primary  root  was  approximately  twice  as  great  for  the 
two  sorghums  as  for  corn.  Moreover,  this  root  system,  which, 
judging  from  the  number  of  secondary  roots,  would  be  twice  as 
efficient  in  the  absorption  of  water,  supplied  a  leaf  area  which  was 
only  approximately  half  as  great  as  the  leaf  area  exposed  to 
evaporation  by  the  corn  plants.  Thus,  the  excellent  root  system, 
coupled  with  a  relatively  small  transpiring  area  and  a  low  water 
requirement,  goes  far  towards  explaining  the  high  degree  of 
resistance  of  sorghums  to  drought.  Their  ability  to  remain  in 
an  almost  quiescent  state  during  drought  is  another  important 
characteristic.  The  sorghums  remain  fresh  and  green  during 
periods  of  dry  weather  which  would  be  extremely  harmful  to 
corn.  In  fact,  the  plants  may  even  cease  growth  for  a  consider- 
able time,  but  when  revived  by  a  rain,  a  vigorous  growth  rate  is 
resumed.  The  slow  growth  of  the  aboveground  parts  until  an 
extensive  root  system  has  been  established  is  also  an  important 


196  ROOT  DEVELOPMENT  OF  FIELD  CROPS 

characteristic  in  resisting  drought.  Drought  resistance  has  done 
much  to  make  sorghum  the  leading  crop  in  the  drier  parts  of  the 
south  and  west  portions  of  the  grassland  region.'*^ 

Sorghums  are  also  adapted  to  a  wide  range  of  soils  and  will 
thrive  under  conditions  where  other  crops,  like  corn,  do  poorly. 
This  is  due  in  a  large  measure  to  their  exceedingly  well-developed 
root  systems.  Even  on  land  that  has  become  too  poor  and  thin  to 
raise  corn  and  small  grains,  two  or  three  good  crops  of  sorghum 
may  be  grown,  often  without  the  addition  of  fertilizer.  This 
may  be  due  largely  to  a  more  thorough  occupancy  of  the  soil, 
especially  of  the  deeper  soil,  by  the  sorghum  plants  than  by  other 
crops. 

Relation  to  Tillage  and  Crop  Rotations. — As  for  corn,  methods 
of  cultivation  should  be  practiced  with  continual  reference  to  the 
degree  of  development  of  the  root  sj^stem.  Since  sorghum  is 
usually  grown  in  regions  where  available  moisture  is  nearly 
always  limited,  its  conservation  by  a  surface  mulch  and  the 
removal  of  weeds  is  imperative.  This  may  be  accomplished  by 
frequent  and  thorough  cultivation.  But  such  cultivation  should 
not  be  too  near  the  young  plants.  Later  cultivations  must  be 
shallow.  Practically  all  tests  show  that  deep  cultivation  does 
more  harm  than  good,  as  measured  in  yield,  after  the  roots  have 
attained  their  normal  spread.  As  in  the  case  of  corn,  listed 
sorghum  stands  dry  weather  better  and  gives  better  yields  than 
a  surface-planted  crop,  when  moisture  is  deficient  during  the 
latter  part  of  the  growing  season.  This  is  probably  due  in  part, 
to  the  more  deeply  placed  root  system  which  is  further  covered 
by  each  tillage  operation  and  is,  therefore,  not  so  subject  to 
drought  as  are  the  roots  of  a  surface-planted  crop. 

It  is  common  knowledge  in  sorghum-growing  regions  that  crops 
following  sorghum  are  often  less  thrifty  and  less  productive  than 
the  same  crops  following  corn  or  wheat.  Sorghums  are  believed 
to  be  "hard  on  the  land."  Sometimes,  this  injurious  effect  is 
observed  for  more  than  one  season.  For  example,  in  Kansas, 
winter  wheat  grown  after  a  crop  of  kafir  has  yielded,  on  an 
average,  3  bushels  less  per  acre  per  year  during  a  period  of  6 
years  than  wheat  grown  after  corn.  This  depressing  effect  upon 
yield  has  been  thought  to  be  due  to  the  fact  that  the  extensive 
root  system  of  the  heavy  yielding  sorghum  depletes  the  soil  so 
thoroughly  of  nutrients  and  water  that  it  leaves  it  in  a  very  poor 
condition  as  regards  texture  and  as  an  abode  for  nitrifying  bac- 
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teria.  Recent  investigations  indicate  that  the  depression  in 
wheat  yield  is  due  to  the  harmful  effects  of  decomposition  prod- 
ucts arising  from  the  decay  of  stubble  and  roots  after  the  crop  is 
harvested.  ^^^'^ 

SUMMARY 

The  root  habit  of  sorghum,  though  varying  somewhat  in  the 
different  varieties,  is  very  similar  to  that  of  corn.  The  roots  are 
finer  and  more  fibrous,  and  often  have  twice  as  many  branches  as 
those  of  corn  in  a  similar  stage  of  development.  The  early 
superficial  rooting  habit  is  marked,  plants  only  in  the  6-  to  8-leaf 
stage  having  a  lateral  spread  of  3  feet,  with  a  network  of  roots 
extending  even  to  the  soil  surface,  although  the  entire  root 
system  may  be  confined  to  the  surface  1.6  feet  of  soil.  Later  in 
development,  the  roots  penetrate  the  deeper  soils,  working  levels 
of  3  to  4  feet  being  common  and  maximum  depths  of  4.5  to  6  feet 
frequent.  As  a  whole,  the  absorbing  system  is  very  efficient  and 
so  widely  distributed  and  so  profusely  branched  and  rebranched 
that  it  may  exhaust  thoroughly  a  large  volume  of  the  soil  of  its 
water  available  for  plant  growth. 


CHAPTER  XI 

ROOT  HABITS  OF  VARIOUS  MEADOW  AND  PAS- 
TURE GRASSES 

The  use  of  grasses  for  forage  is  scarcely  less  important  than 
their  use  for  the  production  of  human  food.  Experiments  in 
reseeding  and  improving  depleted  range  lands  have  shown  that  a 
knowledge  of  the  root  habits  of  the  seedlings,  as  well  as  those 
of  the  mature  plants,  is  of  very  great  importance.  Large 
amounts  of  forage  cannot  be  grown  nor  flower  stalks  and  seeds 
produced  except  by  plants  with  well-developed  root  systems 
which  not  only  absorb  sufficient  water  and  nutrients  but  accu- 
mulate an  abundant  food  supply  which  is  again  used  at  the  end  of 
the  season  of  dormancy. 

BROME  GRASS 

Brome  grass  (Bromus  inermis)  is  a  perennial  with  creeping 
rootstocks  or  rhizomes  and  fine  fibrous  roots.  It  is  an  excellent 
pasture  grass  in  the  semiarid  regions  from  Kansas  to  Canada  and 
westward  to  Washington,  in  which  regions  many  eastern  grasses 
will  not  thrive. 

Root  Growth  during  the  First  Year. — Plants  grown  at  Lincoln 
were  14  inches  tall  when  only  11  weeks  old.  The  roots  were 
abundant  to  a  depth  of  2.3  feet;  a  few  penetrated  beyond  3  feet  in 
both  lowland  and  upland  silt  loam  soils.  When  4  months  old 
(Aug.  20),  and  the  flowering  stalks  were  beginning  to  appear,  the 
grass  had  spread  by  rhizomes  and  produced  a  dense  sod.  The 
roots  had  formed  a  close  network,  quite  filling  the  soil  to  a  depth 
of  about  2  feet.  They  were  dark  brown  in  color  and  densely 
clothed  with  root  hairs,  and  had  a  great  network  of  fine,  well- 
branched  rootlets.  The  latter  were  several  inches  in  length,  and 
the  tertiary  branches  were  1  to  2  inches  long  and  very  numerous. 
Some  light-colored  roots  were  intermixed  with  the  brown  ones. 
These  were  younger,  shorter,  and  often  less  branched  but  took  on 
the  darker  color  and  other  typical  root  characters  when  more 
mature.  Below  2  feet,  roots  were  much  less  abundant.  In  fact, 
at  a  depth  of  1.5  feet,  they  began  to  thin  out  considerably  but 
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were  fairly  numerous  to  the  working  level  at  2.7  feet.  Some 
extended  1  to  2  feet  deeper.  In  the  upland,  the  stand  of  plants 
was  thinner  and  the  roots  were  not  quite  so  long. 

Root  Habits  of  Older  Plants. — Three-year-old  plants  at  Man- 
hattan, Kan.,  were  excavated  from  a  fine,  compact  loam  under- 
laid at  a  depth  of  about  12  inches  with  a  somewhat  gravelly  and 
sandy  subsoil. ^"^  This  gave  way  at  4.2  feet  to  solid  limestone 
rock.  Many  roots  extended  to  the  rock  layer  where  some  con- 
tinued growth  along  its  upper  surface.  Although  the  root  growth 
was  densest  in  the  first  12  inches,  the  soil  was  filled  with  great 
masses  of  roots  and  their  network  of  branches  to  the  rock  layer. 
It  appears  that  full  depth  of  penetration  was  not  attained, 
because  at  Fargo,  N.  D.,  roots  of  this  species  were  found  to 
penetrate  to  a  depth  of  over  4  feet  when  only  1  year  old  and  to  a 
depth  of  5.5  to  6.5  feet  when  2  years  old.^''^  Thus,  brome  grass 
rapidly  produces  a  wonderfully  efficient  and  deeply  penetrating 
root  system,  numerous  rootlets  occupying  every  cubic  inch  of  the 
soil  to  a  depth  of  several  feet.  Because  of  its  deeply  rooting  habit, 
it  is  very  drought  resistant  and  well  adapted  for  growing  in  light 
soils  and  in  dry  climates  but  does  well  also  on  good  moist  soils. 
Its  excellent  root  system  doubtless  goes  far  towards  making 
brome  grass  "the  best  pasture  grass  yet  found  for  the  prairie 
states  of  the  Northwest  and  the  Pacific  Northwest. "^^* 

ORCHARD  GRASS 

Orchard  grass  (Dactylis  glomerata)  is  an  excellent  pasture  grass, 
especially  when  combined  with  other  grasses.  Its  habit  of  grow- 
ing in  bunches  or  tussocks  makes  it  less  desirable  for  meadows. 
Plots  of  orchard  grass  were  grown  on  both  lowland  and  upland 
soils  at  Lincoln  for  purposes  of  root  examination. 

Root  Growth  during  the  First  Year. — When  11  weeks  old,  an 
excellent  stand  of  good  growth,  1  foot  high,  characterized  the 
grass  in  the  lower  area;  that  of  the  upland  was  much  thinner  and 
only  5  inches  tall  but  of  healthy  appearance.  Notwithstanding 
the  great  difference  in  aboveground  development,  the  working 
depth  of  roots  was  approximately  the  same,  2.3  feet.  Maximum 
penetration  was  about  3  feet  in  both  areas.  By  August  26,  the 
tufts  or  bunches  of  grass  were  provided  with  roots  which  literally 
filled  the  surface  soil  with  great  masses  of  tan-colored  fibrous  roots 
to  a  depth  of  nearly  2  feet,  below  which  level  they  became  fewer 
in  number  but  were  abundant  to  a  depth  of  3.2  feet.     The  roots 
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were  tough  and  rather  coarse.  They  were  well  furnished  with 
laterals  1  to  3  inches  or  more  in  length,  which  were  branched  to 
the  second  order.  The  ultimate  rootlets  were  very  fine.  In  the 
deeper  soil,  the  branching  was  rather  largely  confined  to  one  plane 
in  the  soil  crevices.  Some  of  the  delicate  roots  reached  a  maxi- 
mum depth  of  4.4  feet.  The  plants  in  the  upland  plots  had 
developed  so  poorly  that  they  were  not  further  examined. 

At  Geneva,  N.  Y.,  where  heavy  clay  loam  was  underlaid  at  a 
depth  of  6  to  10  inches  with  a  tenacious  gravelly  clay,  orchard 
grass  roots  were  examined  during  their  first  year  of  growth.^'* 
Fine  fibrous  roots  filled  the  soil  to  a  depth  of  1  foot,  a  large  num- 
ber reached  the  21-inch  level,  and  a  few  were  traced  to  a  depth  of 
3  feet.  Some  of  the  fine  roots  spread  horizontally  more  than 
21  inches  from  the  plant. 

Root  Habits  of  Mature  Plants. — Plants  2  or  3  years  old  at 
Manhattan,  Kan.,  reached  a  depth  practically  the  same  as  the 
extreme  height  of  the  grass,  which  was  3.5  feet.^"*  The  surface 
6  inches  of  fine,  compact,  sandy  loam  was  so  filled  with  the  thick 
fibrous  mass  of  roots  that  it  was  very  difficult  to  wash  out  all  of 
the  soil.  Below  10  inches  in  depth,  the  roots  were  fewer,  the 
largest  part  of  the  root  growth  lying  within  the  surface  foot  of 
soil.  The  deeper  subsoil  was  quite  sandy.  The  root  system 
bore  a  close  resemblance  to  that  of  wheat  and  oats  but  had  an 
even  greater  fibrous  growth  in  the  surface  soil.  The  roots  were 
tough  and  woody  and  nearly  white  in  color. 

From  these  data,  it  may  be  seen  that  the  roots  of  orchard  grass 
develop  rapidly,  reaching  depths  of  2  to  3  feet  by  midsummer  of 
the  first  season's  growth.  Later,  as  the  plants  continue  to  tiller 
and  form  the  uneven  sod,  many  new  roots  develop.  Mean- 
while, the  older  ones  have  extended  well  into  the  third  and  fourth 
foot  of  soil.  All  of  the  roots  are  well  branched  and  furnish  such 
an  excellent  absorbing  system  that,  when  pastured,  this  grass 
remains  green  even  during  a  long,  hot  summer  and  late  into  fall. 

MEADOW  FESCUE 

Meadow  fescue  {Festuca  elatior)  i§  a  common  European  forage 
grass.  Like  the  preceding  grasses  it  has  been  introduced  from 
that  country  into  the  United  States,  but  although  well  adapted 
to  the  same  region  as  timothy  and  bluegrass  it  has  never  been 
extensively  grown  and  holds  a  rank  of  minor  importance  among 
forage  grasses  in  America. 


ROOT  HABITS  OF  VARIOUS  GRASSES  201 

Root  Growth  during  the  First  Year. — The  root  development  of 
this  grass  was  examined  on  lowland  silt  loam  soil  at  Lincoln  on 
June  13,  when  the  plants  were  8  inches  tall  but  only  7  weeks  old. 
The  fine  fibrous  roots  already  had  a  working  depth  of  18  inches, 
and  some  roots  extended  to  a  maximum  depth  of  over  2  feet. 

A  second  examination  was  made  when  the  grass  was  nearly 
4  months  old  and  8  to  10  inches  tall.  No  flower  stalks  had 
appeared.  The  roots  had  a  working  depth  of  3  feet,  although 
some  penetrated  8  to  12  inches  deeper.  The  soil  was  quite  well 
filled  to  a  depth  of  1.5  feet  with  great  masses  of  brown  roots, 
which  were  only  slightly  less  abundant  to  2  feet.  The  roots  were 
very  fine,  the  largest  scarcely  a  millimeter  in  diameter  and  many 
were  only  one-fourth  as  thick.  They  originated  in  great  numbers 
from  the  base  of  the  plant,  6  to  24  or  even  more  from  a  single 
stem.  Although  most  of  the  roots  pursued  a  course  somewhat 
obliquely  to  almost  vertically  downward,  others  spread  laterally 
more  or  less  parallel  with  the  soil  surface  or  obliquely  outward 
3  to  6  inches  before  turning  downward.  They  were  exceedingly 
well  furnished  with  thread-like  laterals  ranging  from  a  few  milli- 
meters to  several  inches  in  length,  all  of  which  were  branched 
and  profusely  rebranched,  ending  in  hair-like  termini.  Many  of 
the  roots  did  not  reach  the  general  working  level;  others  pene- 
trated far  beyond.  The  6  to  8  inches  of  root  ends  were  not  so 
well  branched  and  were  hairlike. 

Plants  of  meadow  fescue  at  Geneva,  N.  Y.,  during  their  first 
season  of  growth,  had  roots  which  filled  the  soil  to  a  depth  of 
1  foot  and  several  were  traced  to  the  32-inch  level. ^"^  A  hori- 
zontal spread  of  9  inches  was  ascertained.  It  seems  clear  that  the 
excellent  growth  made  by  this  species  during  the  first  summer  is 
augmented,  like  that  of  most  perennials,  during  subsequent  years. 
Three-year-old  plants  at  Manhattan,  Kan.,  reached  a  depth  of 
about  4  feet.  204 

BLUEGRASS 

Kentucky  bluegrass  (Poa  praiensis)  has  escaped  from  cultiva- 
tion in  the  prairie  region,  and  has  become  an  important  species  in 
the  less  arid  parts  of  the  grassland  area.  Its  great  economic 
importance  as  a  lawn  and  pasture  grass  is  well  known. 

General  Root  Habits. — This  grass  propagates  by  means  of 
rhizomes  which  lie  near  the  soil  surface.     They  are  1  to  2  milli- 
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meters  in  diameter  and  well  branched.  The  dark-Qolored,  fine, 
fibrous,  minutely  branched  roots  occur  in  such  abundance  that, 
with  the  creeping  rootstocks,  they  form  a  dense,  tough  sod. 
Some  of  the  roots  have  a  wide  lateral  spread,  often  running  nearly 
parallel  with  the  soil  surface  at  depths  of  only  2  to  3  inches  for 
distances  of  1  to  1.5  feet.  Usually,  they  run  more  obliquely  or 
even  vertically  downward.  Root  depth  appears  to  vary  con- 
siderably with  soil  conditions.  Undoubtedly,  in  arid  climates 
where  frequent  light  sprinkling  is  practiced,  the  roots  are  very 
superficial,  but  in  deep  moist  subsoils,  they  have  been  found  at 
depths  of  5  to  7  feet. 

Root  Growth  during  the  First  Season. — At  Geneva,  N.  Y., 
in  heavy  clay  loam,  bluegrass,  during  its  first  year,  made  an 
excellent  growth. ^^  The  dark-colored,  very  fibrous  roots  filled 
the  soil  to  a  depth  of  12  inches,  many  reached  a  depth  of  18 
inches,  and  some  very  fine  roots  were  traced  to  a  depth  of  over 
3  feet.  The  roots  extended  laterally  about  12  inches  from  the 
base  of  the  plant. 

Variation  of  Mature  Roots  under  Different  Soils  and  Cli- 
mates.— In  a  light  sandy  soil  in  eastern  Nebraska,  bluegrass 
roots  completely  filled  the  soil  to  a  depth  of  2.5  feet.  They  were 
numerous  to  the  5-foot  level,  and  a  few  reached  a  depth  of  7  feet. 
The  fine  roots  were  abundantly  supplied  with  hairlike  laterals, 
usually  less  than  an  inch  in  length,  but  branched  and  rebranched 
to  the  third  order.  Even  the  root  tips  were  well  branched  with 
rootlets  1  to  3  inches  long. 

In  upland  clay  loam  soil  at  Lincoln,  the  roots  were  somewhat  less 
extensive,  although  bluegrass  sod  had  been  in  possession  of  the 
area  for  2  or  3  years.  The  greatest  root  development  was  in  the 
surface  2  feet  of  soil,  but  roots  were  fairly  abundant  to  a  depth  of 
3.3  feet  and  the  longest  extended  to  nearly  6  feet.  The  wide 
lateral  spread  of  surface  rootlets,  so  highly  developed  in  the  sand, 
was  much  less  in  clay  loam. 

At  the  same  station,  in  silt  loam  alluvial  soil,  the  working 
depth  was  determined  at  2.8  feet,  although  many  roots  pene- 
trated deeper.  A  maximum  penetration  of  5  feet  was  found.  A 
root  depth  of  nearly  4  feet  was  determined  for  this  species  at 
Manhattan,  Kan.^""  At  a  depth  of  2  feet,  however,  the  roots 
were  few  in  number,  and  comparatively  few  extended  below 
18  inches.  These  data  are  scarcely  in  agreement  with  those  from 
Wisconsin  where  "blue  grass  is  eminently  a  surface  feeder  whose 
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roots  so  fully  occupy  the  soil  that  there  is  no  room  for  the  roots  of 
other  plants  to  associate  with  them."^^^ 

Summary  and  Discussion. — Summarizing,  bluegrass  has  very 
fine,  dark-colored,  profusely  and  minutely  branched  roots, 
which  develop  so  rapidly  that,  at  the  end  of  the  first  season, 
12  to  18  inches  of  surface  soil  are  filled  with  an  absorbing  net- 
work, and  deeper  portions  of  the  root  system  absorb  in  the  third 
foot.  Lateral  spread  and  the  occupation  of  a  few  inches  of 
surface  soil  are  both  pronounced.  Mature  plants  extend  their 
roots  below  the  surface  sod  to  depths  varying  from  5  to  7  feet. 
The  root  habit  is  greatly  modified  by  edaphic  conditions. 

The  successful  competition  of  bluegrass  with  native  grasses  in 
portions  of  the  tall-grass  prairie  and  its  invasion  into  fields  of 
cultivated  crops,  like  alfalfa,  are  largely  due  to  its  methods  of 
propagation,  its  massive  root  system,  and  its  dense  sod-forming 
habit.  Bluegrass  is  also  tolerant  of  light  shade.  It  requires  a 
rather  moist  climate  to  thrive  and  beaomes  especially  dominant 
during  seasons  with  an  excess  of  rainfall,  but  it  is  not  easily 
destroyed  by  drought. 

During  a  dry  period,  bluegrass  ceases  growth  and,  as  a  result  of 
protracted  dry  periods,  may  even  become  brown  and  apparently 
dead,  but  upon  the  advent  of  rain,  it  quickly  revives.  Its  ability 
to  withstand  trampling  and  its  early  growth  in  the  spring  as  well 
as  late  in  the  fall  make  it  an  excellent  pasture  grass  over  wide 
areas.  The  cessation  of  growth  during  dry  midsummers  is  very 
disadvantageous  to  the  stock  raiser.  A  study  of  its  root  develop- 
ment affords  a  clear  understanding  of  its  growth  habits.  It  is  a 
species  exceptionally  well  adapted  for  absorption  in  the  surface 
soil,  though  in  times  of  drought,  it  must  rely  to  a  large  extent 
upon  absorption  by  the  deeply  penetrating  roots. 

ROOT  DEVELOPMENT  OF  OTHER  CULTIVATED  GRASSES 

The  preceding  descriptions  of  four  rather  common  meadow  and 
pasture  grasses  illustrate  in  a  striking  manner  the  rapid  growth 
and  excellent  development  of  the  roots  of  cultivated  grasses.  In 
this  respect,  they  are  similar  to  the  native  species.  Although 
the  general  plan  of  the  fibrous  root  systems  of  all  grasses  is  some- 
what similar,  exact  study  will  reveal  marked  differences  in  rate  of 
development,  fineness  of  branching,  depth  of  penetration,  lateral 
spread,  efficiency  as  absorbing  organs,  etc.,  all  of  which  data  are 
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imperative    for    a    thorough    understanding    of    scientific    crop 
production. 

In  this  connection,  the  following  measurements  obtained  at 
Geneva,  N.  Y.,  are  of  interest. ^^  The  plants  were  grown  in  a 
rich,  heavy  clay  loam  underlaid  at  6  to  10  inches  in  depth  with  a 
tenacious  gravelly  clay.  They  were  excavated  during  late  July 
or  August  of  their  first  season  of  growth. 
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GRASS  ROOTS  IN  RELATION  TO  SOIL  STRUCTURE 
AND  PRODUCTIVITY 

When  the  virgin  prairie  sod  is  first  broken,  the  soil  is  mellow, 
moist,  and  rich  and  produces  abundant  crops.  But  after  a  few 
years  of  continuous  cropping  and  cultivation,  there  occurs  a 
great  change  in  its  physical  condition.  It  becomes  more  com- 
pact and  harder  to  till,  dries  more  quickly  than  formerly,  bakes 
more  readily,  and  when  plowed,  often  turns  over  in  hard  lumps  and 
clods.  After  a  clayey  soil  has  been  cropped  for  a  long  time,  it 
tends  to  run  together.  It  is  very  sticky  when  wet,  but  when 
dry,  the  adhesive  characteristic  almost  entirely  disappears. 
The  grass  roots  and  humus  which  formerly  held  it  together  are 
decayed  and  gone.  When  loosened  by  the  plow,  it  is  often  easily 
drifted  and  blown  away.  But  when  sowed  to  grass,  marked 
improvement  occurs,  for  grass  is  a  soil  builder,  a  soil  renewer,  and 
a  soil  protector.  Covering  the  land  with  grass  is  nature's  way  of 
restoring  to  old,  worn-out  soils  the  productivity  and  good  tilth  of 
virgin  ones.  The  perfect  tilth  and  freedom  from  clods,  so  char- 
acteristic of  virgin  soils,  are  always  more  or  less  completely 
restored  wherever  the  land  has  supported  a  cover  of  grass  for  a 
number  of  years.     The  covering  of  sod  prevents  the  puddling 
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action  of  rain.  As  the  roots  develop,  the  soil  particles  aie  wedged 
apart  in  some  places  and  crowded  together  in  others.  The 
small  soil  grains  become  aggregated  into  larger  ones.  Each  year, 
many  of  the  old  roots  die  and  are  constantly  replaced  by  new  ones. 
The  soil  is  filled  with  pores  of  the  old  root  channels;  the  humus 
from  the  decaying  roots  helps  cement  soil  particles  into  aggregates 
and  thus  lightens  and  enriches  it.  In  this  way,  the  mellow 
texture  of  the  virgin  soil  is  restored,  and  the  accumulation  of 
organic  debris,  largely  from  the  decayed  masses  of  old  roots,  adds 
greatly  to  its  fertility.* 

*  Rewritten  from  Ten  Eyck,  Kan.  Agr.  Exp.  Sta.,  BuU.  175. 


CHAPTER  XII 
ROOT  HABITS  OF  SUGAR  BEET 

The  sugar  beet  (Beta  vulgaris)  is  a  biennial.  During  the  first 
year  of  growth,  it  stores  a  large  amount  of  food  in  the  fleshy- 
taproot  and  crown  or  fleshy  stem.  Most  of  this  surplus  is  used, 
if  the  beet  is  grown  the  second  year,  in  the  production  of  aerial 
shoots.  The  "beet"  itself  is  largely  the  very  fleshy  upper  por- 
tion of  an  extensive  taproot.  The  upper  part  or  crown  is  a  very 
much  shortened  fleshy  stem,  upon  the  apex  of  which  the  leaves 
occur.  The  root  proper  may  be  distinguished  from  the  stem  or 
crown  by  the  two  opposite,  longitudinal  rows  of  secondary  roots 
(Fig.  91). 

The  root  habits  of  sugar  beets  have  been  studied  at  Greeley, 
Colo.,  at  various  periods  during  their  development.^"*  The  fine 
sandy  loam  soils  are  very  dry  unless  irrigated,  since  the  precipi- 
tation averages  only  13  inches  per  year.  The  beets  were  grown 
in  plots  of  very  similar  soil;  one  lot  without  irrigation,  a  second 
under  light  irrigation,  and  the  third  plot  fully  irrigated.  Barn- 
yard manure  had  been  uniformly  spread  over  both  irrigated  plots 
at  the  rate  of  5  tons  per  acre  before  the  seed  bed  was  prepared. 
Throughout  the  growing  season,  the  aerial  environment  as  regards 
temperature,  humidity,  wind,  and  evaporation  was  nearly  the 
same  in  the  several  plots.  Moreover,  physical  and  chemical 
composition  of  the  soil  was  much  the  same  (except  for  manuring), 
and  temperatures  at  all  corresponding  depths  were  almost 
identical.  Hence,  the  marked  differences  in  root  habit  were  due 
mainly  to  other  soil  differences,  the  controlling  factor  being 
water  content  with  its  attendant  effects  upon  aeration  and  ease 
of  root  penetration.  Plants  in  fully  irrigated  soils,  of  course, 
showed  the  more  typical  root  habit. 

A  widely  grown  variety  of  sugar  beet  known  as  Kleinwanz- 
lebener  was  used.  The  seeds  were  drilled  about  1  inch  deep,  in 
rows  18  inches  apart,  and  in  well-prepared  seed  beds.  Later,  the 
crop  was  thinned  so  that  the  beets  were  12  inches  apart  in  the 
row.  The  plots  were  subjected  to  shallow  cultivation  from  time 
to  time. 
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The  Young  Root  System.— When  2  months  old  (June  8),  the 
plants  had  8  to  10  leaves  each  and  were  4  to  5  inches  tall.  The 
root  development  in  the  dry  land  and  irrigated  plots  is  shown  in 
Fig.  90.  All  of  the  plants  were  characterized  by  a  strong  taproot. 
In  the  dry  land,  practically  no  available  water  occurred  in  the 
second  foot  during  April  and  very  little  during  May,  and  the 
widely  spreading,  much-branched  laterals  compensated  in  part 
for  the  lack  of  penetration.  In  moist  soil,  the  roots  already 
averaged  ^'i  inch  in  thickness  but  tapered  rapidly  and  in 
descending  3  to  4  inches  lost  half  of  their  width.  Beginning  just 
below  the  soil  surface  and  for  a  distance  of  2  to  4  inches,  laterals 


Fig.  00. — Sugar  beets  about  2  months  old:  A,  dry  land  (practically  no  water 
available  in  the  secopd  foot);  B,  irrigated  soil. 


occurred  in  two  rows,  on  opposite  sides  of  the  root.-  They  were 
grouped  in  clusters  of  2  to  4  and  seldom  exceeded  1.5  inches  in 
length.  This  root  zone  was  more  extensive  on  the  larger  roots  in 
the  moist  soil.  Larger  branches,  originating  from  all  sides  of  the 
root,  occurred  in  the  deeper  soils.  Some  arose  much  nearer  to 
the  end  of  the  taproot  in  the  less  rapidly  growing  dry-land  plants. 
In  dry  land,  they  were  1  to  7  inches  in  length,  the  longest  ones 
being  profusely  rebranched,  though  in  the  irrigated  soil,  they 
were  not  only  shorter  but  much  more  poorly  furnished  with 
laterals.  Moreover,  these  primary  branches  were  less  numerous, 
6  to  8  per  inch,  than  in  dry  land,  where  8  to  12  occurred  regularly 
on  an  inch  of  taproot.     Differences  in  lightly  and  fully  irrigated 
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soil  consisted  of  lateral  branches  being  somewhat  more  numerous 
and  their  sublaterals  longer  in  the  drier  soil.  Thus,  the  white, 
succulent,  rather  tender  beet  roots  are  considerably  modified 
by  environment. 

The  Half -grown  Root  System. — Excavations  were  again  made 
and  the  roots  examined  a  month  later.  Since  practically  no 
efficient  rainfall  occurred  during  this  period,  the  dry  land  became 
almost  depleted  of  available  water.  Only  2  to  4  per  cent 
remained  at  a  depth  of  3  feet.     The  number  of  leaves  varied  from 


Fig.  91. — Sugar  beets  about  3  months  old:  .4,  dry  land  with  low  water  content 
of  sul)soil;  B,  fully  irrigated  soil. 


15  to  18  and  was  about  the  same  on  plants  in  all  plots,  but  those 
in  irrigated  soil  were  considerably  larger.  They  were  14  inches 
high  in  the  latter  case,  where  the  tops  had  a  spread  of  18  inches, 
but  only  5  inches  high  in  dry  land,  where  the  spread  of  tops  was 
11  inches. 

The  roots  had  made  a  remarkable  growth  during  the  30-day 
interval,  branching  profusely  and  extending  into  the  third  or 
fourth  foot  of  soil  (Fig.  91).  The  taproot  had  doubled  in  length 
and  the  absorbing  area  had  increased  many  fold.     Differences  in 
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development  were  even  more  pronounced  than  at  the  earUer 
examination.  The  outstanding  features  of  the  root  system  in  the 
fully  watered  plot  were  the  marked  growth  of  the  shallow  absorb- 
ing system  and  the  development  of  long,  deeply  penetrating 
branches  in  the  subsoil.  The  dry-land  plants  had  neither  of 
these  habits  but  were  characterized  by  large  numbers  of  horizon- 
tally spreading  major  laterals  in  the  surface  12  to  18  inches, 
where  soil  moisture  had  been  constantly  more  abundant.  Among 
the  dry-land  plants,  the  taproots  were  slightly  less  than  2  inches 
in  diameter,  but  in  the  fully  watered  plot,  they  were  2.5  inches 
thick.  All  tapered  so  rapidly  that  even  the  larger  ones  were 
scarcely  half  an  inch  in  diameter  6  inches  below  the  surface.  In 
the  hard  soil  of  the  dry  land,  they  zigzagged  downward  to  depths 
of  30  to  46  inches,  but  in  moist  soil,  they  pursued  a  more  even 
vertical  course,  reaching  a  depth  of  50  to  54  inches. 

Branches  in  the  surface  soil  were  very  limited  in  dry  land;  only 
tiny  rootlets  less  than  an  inch  in  length  occurred.  Their  growth 
had  apparently  been  stimulated  by  very  recent  showers,  and  they 
were  not  yet  clothed  with  root  hairs.  In  striking  contrast,  the 
beets  which  had  been  irrigated  about  9  days  earlier  had  developed 
60  to  75  roots  per  linear  inch  in  zones  4  to  5  inches  long  on  two 
sides  of  the  taproot.  They  spread  horizontally  for  distances  of 
3  to  5  inches  and  were  profusely  branched  with  secondary  laterals 
at  the  rate  of  8  to  12  per  inch.  This  portion  of  the  root  system, 
which  had  failed  to  develop  in  the  drier  soil,  added  materially 
to  the  absorbing  area  of  the  rapidly  developing  plants.  The 
smaller  dry-land  plants  had  many  strong,  widely  spreading  later- 
als in  the  surface  foot,  a  response,  no  doubt,  to  the  very  low  water 
content  of  the  deeper  soil.  These  became  progressively  younger 
and  shorter  downward,  but  the  number  throughout  the  course  of 
the  taproot  was  usually  4  to  7  branches  per  inch.  The  sublaterals 
were  also  long  and  rebranched.  In  the  moist  soil,  however,  long 
branches  occurred  regularly  in  the  first,  second,  and  third  foot, 
some  being  over  2  feet  long.  The  direction  of  these  roots  away 
from  the  horizontal  was  marked.  Like  the  taproots,  they  were 
profusely  branched  and  rebranched  with  both  long  and  short 
laterals. 

The  roots  of  the  lightly  watered  beets  were  in  many  ways 
intermediate  to  those  described.  The  course  of  the  taproot  was 
somewhat  irregular  but  not  to  so  great  an  extent  as  in  the  dry 
land.     The  surface  roots  were,  in  extreme  cases,  an  inch  long 
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though,  as  a  whole,  poorly  developed  since  water  in  the  surface 
soil  was  scarce,  but  the  larger  branches  ran  more  horizontally 
than  those  of  the  more  normally  developed  fully  watered  plants. 

Mature  Root  System. — A  final  study  of  the  beets  was  made  in 
mid-September.  Heavy  showers  had  somewhat  replenished  the 
soil  moisture,  although  in  the  unirrigated  plot,  very  little  water 
was  available  at  any  time.  Each  plant  possessed  20  to  30  leaves. 
Those  in  the  irrigated  plots  were  twice  as  long  (about  18  inches)  as 
those  in  dry  land  and  the  photosynthetic  area  was  three  to  four 
times  as  great.  Of  course,  those  in  the  fully  watered  plot  were 
largest.  Effects  of  drought  were  very  evident.  Some  of  the 
plants  in  the  dry  land  had  died,  and  on  the  rest,  many  of  the 
outer  leaves  were  dead  and  the  others  frequently  wilted  so  badly 
that  they  did  not  recover  even  at  night.  The  spread  of  the  tops 
of  these  drooping  plants  was  19  inches,  as  was  also  that  of  the 
lightly  watered  plants,  but  in  the  other  plot,  it  was  23  inches. 
In  the  fully  irrigated  plot,  some  of  the  older  outer  leaves  were 
dead  or  drying,  but  this  condition  was  more  pronounced  in  the 
lightly  watered  area. 

Root  development  was  correlated  with  that  of  tops.  The 
fleshy  taproots  were  3  to  6  inches  in  diameter  in  the  irrigated  soil 
but  only  about  2.7  inches  in  the  dry  land.  Moreover,  the  dry- 
land plants  had  increased  their  depth  from  the  third-foot  level 
to  about  3.5  feet  (maximum  4.5  feet)  since  the  last  examination. 
Those  in  the  irrigated  plots,  which  were  about  4  feet  deep,  now 
occupied  the  fifth  and  a  part  of  the  sixth  foot  of  soil  (maximum 
depth  6  feet.  Fig.  92).  The  root  plan  of  the  irrigated  plants, 
with  their  widely  spreading,  horizontal  surface  root  system  and 
rather  vertically  descending  and  deeply  penetrating  major 
branches,  was  fairly  well  blocked  out  at  the  preceding  examina- 
tion on  July  7.  Marked  changes  had  occurred  in  the  root  habit 
of  the  dry-land  plants.  Here,  the  two  zones  of  surface  laterals, 
which  had  then  just  appeared,  were  now  well  developed.  At  a 
depth  of  1  to  7  inches,  in  response  to  the  increased  surf  ace  moisture 
due  to  rains,  these  roots  arose  in  great  profusion  from  two  sides  of 
the  taproot  and  ran  horizontally  for  distances  of  3  to  7  inches. 
Near  the  lower  edge  of  these  zones,  they  were  supplemented  by 
larger  and  longer  roots.  These  spread  10  to  34  inches  and  were 
rebranched  to  the  fifth  order  at  the  rate  of  10  to  14  rootlets  per 
inch,  the  whole  forming  a  close  network  in  the  dry  soil.  On  the 
larger  roots  of  the  irrigated  plants,  these  lateral  root-producing 
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zones  were  longer,  as  were  also  some  of  the  smaller  roots,  but 
the  larger  ones,  originating  from  the  base,  did  not  extend  beyond 
2  feet  and  were  less  profusely  branched. 

A  root  habit  found  frequently  in  the  harder  soils  of  dry  land 
and  also  occasionally  in  the  lightly  watered  plot  was  that  of  the 
taproot  breaking  up  into  two,  three,  or  sometimes  more  branches 
of  similar  diameter.  This  frequently  occurred  at  depths  of  6  to  8 
inches  and  sometimes  deeper. 

Many  of  the  deeper  and  formerly  short  branches  in  the  dry 
land  had  now  reached  2  to  3  feet  in  length.     Their  course  was 


Fig.  92. — Sugar  beets  on  Sept.  12:  A,  dry  land;  B,  fully  irriKated  soil. 


almost  invariably  rather  obliquely  downward,  practically  none 
spreading  laterally  through  a  distance  greater  than  7  inches. 
These,  with  their  profuse  branches,  occupied,  more  or  less  com- 
pletely, the  third  and  sometimes  a  part  of  the  fourth  foot  of  soil. 
In  the  irrigated  plots,  the  roots  usually  spread  more  widely,  in 
some  instances  more  than  2  feet. 

Seepage  water  occurred  late  in  the  season  at  a  depth  of  about 
5  feet  in  the  fully  irrigated  plot,  and  the  root  penetration  was  not 
so  great  as  in  the  lightly  watered  one,  probably  because  of  defi- 
cient aeration.     Branching  was  similar  in  the  two  plots,  except  for 
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a  greater  tendency  for  a  wider  lateral  spread  of  roots  in  the  shal- 
lower portion  of  the  soil  of  the  lightly  irrigated  plot.  The  sub- 
laterals  were  longer,  sometimes  reaching  25  inches,  while  none 
were  found  to  exceed  8  inches  in  the  more  moist  soil.  The 
surface  root  system  of  the  fully  watered  plants  contained  a 
greater  number  of  roots  in  the  furrow  slice,  but  they  were  hardly 
as  long  as  in  the  drier  soil  of  the  lightly  irrigated  plots. 

The  beets  in  the  dry  land,  harvested  late  in  September,  yielded 
at  the  rate  of  only  2.5  tons  per  acre,  those  in  the  lightly  watered 
plots,  21  tons,  and  those  in  the  fully  watered  plot,  22.5  tons  per 
acre. 

Root  Development  under  Increased  Rainfall. — During  the 
following,  much  more  humid  season  the  young  beets  in  all  the 
plots  were  found  to  have  root  systems  practically  the  same  and 
were  thus  in  accord  with  the  uniformity  of  soil  moisture. 
Later,  because  of  a  constantly  good  water  supply,  the  surface 
laterals  spread  much  more  widely  in  all  plots  than  during  the  pre- 
ceding year,  and  correlated  with  this  was  a  lesser  depth  of 
penetration.  As  the  surface  soil  in  the  unirrigated  plot  became 
drier,  a  pronounced  tendency  was  found  for  the  branches  to 
turn  downward.  As  a  whole,  the  root  habit  more  nearly  resem- 
bled that  in  the  irrigated  plots  than  that  of  the  last  year's  dry-land 
plants.  The  lightly  watered  soil  was  sufficiently  wet  so  that 
little  difference  was  found  between  the  root  habit  here  and  in  the 
fully  watered  plot.  In  both  cases  it  resembled  that  of  the  fully 
watered  plants  of  the  preceding  season.  Observations  at  Fargo, 
N.  D.,  also  show  that  the  sugar  beet  is  deeply  rooted. 202 

Relation  of  Root  Habit  to  Tillage  Practice, — A  consideration  of 
the  very  fleshy  portion  of  the  taproot  explains  why  a  deep, 
mellow,  easily  moved  soil  is  essential  for  a  proper  development  of 
the  beet.  The  actual  depth  of  cultivation  varies,  of  course, 
with  the  nature  of  the  soil  and  the  previous  depth  of  cultiva- 
tion. Early  tillage  prevents  the  formation  of  a  crust  on  the  soil 
surface  and  subsequent  difficulty  in  the  emergence  of  the  shoot, 
as  well  as  in  aeration.  The  time  and  manner  of  thinning  is 
closely  connected  with  root  injury.  Thinning  should  always  be 
done  before  the  seedlings  are  too  far  advanced,  usually  in  the 
fourth-leaf  stage.  Later  thinning  greatly  disturbs  the  roots  of 
even  the  more  vigorous  plants  left  to  mature.  The  widely 
spreading,  deeply  penetrating  root  systems  are  undoubtedly  an 
important  factor  in  competition  and  resultant  reduced  yields 


ROOT  HABITS  OF  SUGAR  BEET  213 

where  the  crop  is  grown  too  thickly.  The  extensive  root  habit 
explains  why  a  deep  soil  is  best  for  the  growth  of  this  crop  and 
why  a  soil  2  to  3  or  more  feet  deep  and  free  from  hardpan  and 
standing  water  is  absolutely  essential.  Since  beets  can  use 
generous  amounts  of  water  to  advantage  and  since  an  ample 
moisture  supply  is  essential  for  the  production  of  large  yields, 
enough  water  should  be  added  at  each  irrigation  to  promote  good 
root  growth.  The  water  should  moisten  the  soil  as  deeply  as  the 
roots  penetrate.  Cultivation  following  every  irrigation  pre- 
vents the  surface  soil  from  baking,  forming  a  crust,  and  cracking 
with  resultant  loss  of  moisture  and  "pinching"  of  the  beets. 
Cultivation  should  be  shallow  so  as  not  to  disturb  the  roots  in 
the  surface  soil. 

Root  Growth  of  "  Mother  Beets"  Used  for  Seed  Production. — 
Since  the  sugar  beet  is  a  biennial  it  does  not  form  seed  during  the 
first  year  of  growth.  In  temperate  climates  it  is  necessary  to 
protect  the  food-stored  "beets"  from  freezing  by  removing  them 
from  the  soil  and  storing  them  during  the  winter.  Root  develop- 
ment of  the  mother  beet  during  the  second  year  of  growth 
awaits  more  detailed  study  but  the  following  facts  are  of  interest. 
Beets  planted  in  April  and  May  showed  some  enlargement  of  the 
old  root  and  especially  a  marked  development  of  new  side  roots. 
On  beets  planted  in  March  the  side  roots  were  numerous  and 
large  while  on  those  planted  later  in  the  season  they  were  few  and 
very  much  finer.  The  difference  in  root  development  was  cor- 
related with  soil  and  air  temperatures,  the  lower  temperatures  of 
early  spring  being  more  conducive  to  a  better  growth.  This  was 
shown  further  by  the  fact  that  "beets"  planted  in  September 
when  soil  and  air  temperatures  were  again  lower  showed  exten- 
sive root  development.  New  roots  are  necessary  to  supply  the 
demands  for  water  made  by  the  new  shoots.  They  also  undoubt- 
edly absorb  food  materials  from  the  soil  which  supplement  the 
supply  accumulated  the  preceding  year  and  thus  promote  a  good 
growth  of  tops  and  abundant  seed  production.  ^^''" 

SUMMARY 

The  sugar  beet  has  a  strong,  deep,  very  fleshy  taproot,  which 
in  moist  soil  grows  rapidly  and  almost  vertically  downward, 
reaching  depths  of  5  to  6  feet.  Beginning  just  below  the  soil 
surface  and  extending  to  a  depth  of  6  to  10  inches,  laterals  occur 
in  two  opposite  rows  on  the  sides  of  the  roots.     These  begin  to 
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appear  when  the  plants  are  6  to  8  weeks  old  and  finally  occur  in 
great  numbers,  60  to  70  per  linear  inch.  Running  horizontally  G 
to  18  inches  or  more  on  all  sides  of  the  plant  and  branching  pro- 
fusely, they  form  an  excellent  absorbing  system  in  the  surface 
foot  of  soil.  Numerous  larger  and  longer  branches  arise  usually 
at  depths  of  8  inches  to  4  feet.  They  spread  from  6  inches  to  2 
feet  laterally  and  penetrate  deeply  into  the  subsoil.  Like  the 
taproot,  they  are  profusely  branched  throughout,  at  maturity 
to  their  tips,  with  both  long  and  short  branches.  Thus,  the  plant 
is  well  provided  for  absorbing  water  and  nutrients  at  all  levels 
to  near  the  maximum  depth  of  root  penetration.  This  root 
habit,  however,  is  greatly  modified  by  variations  in  soil  condi- 
tions. In  dry  soil,  the  taproot  is  smaller,  pursues  a  more  tortuous 
course,  does  not  penetrate  so  deeply,  and  is  branched  more  nearly 
to  the  tip.  The  larger,  deeper-seated  branches  turn  downward 
rather  abruptly,  reaching  depths  of  3  to  4  feet.  Branching  is, 
more  profuse  throughout.  Development  of  the  surface  absorb- 
ing system  may  be  greatly  delayed,  although  it  branches  more 
profusely  and  may  extend  even  more  widely  when  the  soil 
becomes  moist. 


CHAPTER  XIII 
ROOT  HABITS  OF  ALFALFA 

Alfalfa  {Medicago  saliva)  is  a  perennial.  Its  length  of  life  is 
dependent  both  on  the  variety  and  on  the  environmental  condi- 
tions. Usually,  it  lives  only  5  to  7  years,  but  in  semiarid  regions, 
fields  over  20  years  old  are  found.  Common  alfalfa  has  no 
rhizomes,  although  they  occur  on  some  of  the  hardy,  yellow- 
flowered  varieties  of  Medicago  falcata.  They  also  sometimes 
appear  on  some  variegated  types,  i.e.,  hybrids  of  ordinary  and 
yellow-flowered  alfalfa. 

Like  the  wild  legumes  of  the  grassland,  alfalfa  is  deeply  rooted. 
The  seedling  usually  gives  rise  to  a  single  taproot  which  takes 
a  vertically  downward  course.  Considerable  variation  occurs  in 
the  number  of  side  roots  which  arise  from  the  taproot. 

Early  Root  Habit  of  Common  Alfalfa. — A  63-day-old  alfalfa 
plant  is  shown  in  Fig.  93.  The  crop  was  grown  on  upland 
silt  loam  soil  near  Lincoln.  The  great  extent  of  root  in  relation  to 
top  is  very  striking.  When  the  plants  w^ere  only  a  month  old 
(May  1)  and  the  tops  were  half  an  inch  high,  the  taproots  were 
already  5  to  6  inches  long.  The  unfolding  of  the  first  pair  of 
leaves  was  accompanied  by  the  appearance  of  the  first  lateral 
roots.  In  the  2-months-old  plants,  the  absence  of  laterals  in  the 
surface  soil  was  as  characteristic  as  was  their  abundance  deeper, 
where  10  to  12  rootlets  regularly  occurred  on  an  inch  of  the  tap- 
root. Some  short  secondary  branches  were  present  and  nodules 
were  abundant. 

Later  Development. — By  August  10,  the  roots  had  reached  the 
stage  of  development  shown  in  Fig.  94.  Owing  to  a  favorable 
season,  the  plants  had  made  a  fair  growth  and  were  15  inches  tall. 
Roots  were  fairly  abundant  to  5  feet,  and  some  had  penetrated  to 
a  maximum  depth  of  5.5  feet.  The  taproot  was  the  prominent 
feature,  laterals  not  being  abundant  below  the  surface  18  inches  of 
soil.  The  longest  branches  did  not  exceed  6  to  10  ihches  in 
length.  The  general  course  of  the  roots  was  vertically  downward. 
Nodules  occurred  to  depths  of  over  3.5  feet.     A  crop  of  similar  age 
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on  lowland  soil  had  a  better  development  of  tops,  which  averaged 
21  inches  tall,  and  the  roots  were  a  little  more  extensive  but  other- 
wise suTiilar.  Root  development  in  both  upland  and  lowland 
during  the  preceding  year  was  very  similar  to  that  just  described. 


Fig.  93.— -\lfalfa  plant  63  days  old. 


Fig. 


<J4. — .-Ufalfa     root 
months  old. 


4.5 


Root  Habit  of  Two-year-old  Plants. — The  lower  plot  was 
adjacenf  to  a  2-year-okl  field  of  alfalfa.  A  long,  deep  trench 
was  dug  in  this  field,  and  the  roots  were  thoroughly  examined 
during  the  first  week  in  June.     No  other  plants  were  present, 
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and  the  soil  was  occupied  entirely  by 
the    roots    of    alfalfa.     The    taproots, 
near   the   soil   surface,    were   5   to    10 
millimeters   in   diameter.     Just  below 
the  crown  and  to  a  depth  of  1.5  feet, 
the    roots   were   well  supplied  with  a 
great  abundance  of  small  laterals,  usu- 
ally  less    than  a  millimeter  in  diam- 
eter.    These    often   ran    parallel   with 
the    soil    surface   for  a   distance   of   1 
to    12    inches    or   even    more.     Other 
branches    ran    more    obliquely   down- 
ward, usually  making  wide  angles  with 
the  taproot.     They  were  well  supplied 
with    secondary   laterals,    mostly   less 
than    3  inches  in   length.     All  of  the 
rootlets,    but   especially   those   in   the 
surface  2  feet  of  soil,  were  abundantly 
furnished   with   nodules  2   to  3  milli- 
meters long  and  1  to  1.5  millimeters  in 
diameter.      In  fact,  these  occurred  to 
the  maximum  depth  of  root  penetra- 
tion,   about    12    feet.     The    taproots 
tapered  rather  rapidly,   so  that  at  a 
depth  of  2  feet,  the  diameter  was  sel- 
dom greater  than  1  to  3  millimeters, 
and   below  9   feet   none  of  the  roots 
were  more  than  a  millimeter  thick  and 
usually   much   less.     Many   ended   at 
depths    of    7    to    10   feet,    and  others 
extended  to  the  water  level  at  12  feet, 
where    they    terminated     with     little 
branching.    Not  infrequently,  the  main 
root  ran  for  distances  of  2  to  5  inches  in 
the  deeper  soil,   giving  off  few  or  no 
branches.      Branches    more    than    an 
inch  in  length  were  rare  in  the  deeper 
soil,  and  usually  they  were  very  much 
shorter.     Here,    the    roots    showed    a 
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Fig.  95. — Two-year-old  al- 


marked  tendency  to  branch  only  in  the    ^^.ifa  root  grown  in  rich  low- 

.,  .  .  Ill  land    soil,     \\ater    table    at 

soil  crevices.     As  a  whole,  the  taproot    depth  of  12  feet. 
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prcdominjitod  thioughout,  and  typically  it  branched  but  little, 
many  plants  penetrating  deeply  without  giving  off  any  large 
laterals  (Fig.  95). 

The  actual  nurnber  of  roots  in  a  vertical  layer  of  soil  extending 
only  4  inches  into  the  wall  of  the  trench,  together  with  the  lack  of 
large  branches,  is  shown  in  Fig.  96.  The  presence  of  earthworm 
burrows  in  the  deeper,  stiff,  clayey  subsoil  is  significant.  These, 
with  countless  small  holes  left  at  all  depths,  even  to  12  feet, 


Fig.  96. — Upper  portion  of  2-year-old   alfalfa  roots  in  their  natural  position 

in  the  soil. 


upon  the  death  and  decay  of  older  alfalfa  roots,  are  very 
important  in  aiding  soil  aeration.  It  would  seem  that  the  excel- 
lent development  of  other  crops  upon  old  fields  of  alfalfa,  sweet 
clover,  and  red  clover,  the  roots  of  which  penetrate  deeply,  is  due 
not  only  to  an  increased  nitrate  supply  but  also  to  better  aeration. 
The  fertilizing  effect  of  the  deeper  portions  of  these  decayed  root 
systems  is  below  the  reach  of  most  crops. 

Effect  of  Environment  on  Root  Habit. — One  part  of  this  field  of 
2-year-old  alfalfa  extended  up  a  rather  steep  hillside  to  the  crest 
of  the  hill.     Here,  the  plants  had  a  good  even  stand,  which  was 
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almost  as  dense  as  that  on  the  low  ground,  and  the  tops  were 
equally  well  developed.  It  was  discovered  that  subsoil  condi- 
tions were  far  from  typical  for  the  region.  The  surface  1.2  feet 
of  dark  clay  loam  was  rather  rich  in  humus,  but  below  this  was  a 
subsoil  of  stiff  yellow  to  slate-colored  clay  about  2  feet  thick. 
It  was  somewhat  intermixed  with  streaks  of  decomposed  Dakota 
sandstone  which  modified  its  tenacity.  Below  3.2  feet,  the  clay 
became  very  hard  and  much  jointed,  roots  being  largely  confined 
to  these  joints.  The  clay  was  intermixed  with  pockets  and 
streaks  of  chalk.  The  soil  was  so  hard,  especially  the  deeper  soil, 
that  it  was  removed  with  considerable  diflftculty.  Its  glacial 
origin  was  shown  by  pebbles,  often  2  to  3  inches  in  diameter, 
which  occurred  throughout,  although  not  abundantly. 

The  taproots  were  as  large  in  diameter  as  those  from  the 
lowland,    but    a    marked    difference    in    branching  habit  was 


Fig.  97. — Portions  of  the  root  systems  of  alfalfa  from  lowland  (left)  and  upland 
(right).     Scale  1  foot. 

apparent.  Branches  were  not  only  very  much  more  numerous 
but  much  larger  (Fig.  97).  In  fact,  the  first  8  inches  of  taproot 
gave  rise  to  two  or  three  times  as  many  branches.  Some  of  the 
larger  ones  ran  obliquely  for  1.5  feet  from  the  base  of  the  plant  in 
the  surface  18  inches,  and  then,  turning  downward,  reached 
depths  of  5  to  6  feet.  Frequently,  they  divided  into  a  large,  pro- 
fusely branched,  absorbing  network,  especially  prominent  in  the 
first  2  feet  of  soil.  Very  rarely  did  any  taproots  extend  beyond 
7.5  feet  in  depth,  and  all  but  the  deepest  were  well  branched, 
especially  throughout  the  last  18  inches  of  their  course. 

These  differences  in  root  habit,  namely,  a  deep  taproot  with  no 
major  branches  and  relatively  few  smaller  ones  in  lowland  and  a 
shallower  taproot  with  numerous  large,  widely  spreading  branches 
in  the  upland,  must  be  attributed  to  soil  conditions  with  their 
resultant  effect  upon  water  content,  soil  solutes,  and  perhaps 
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aeration.  Which  of  these  or  what  combination  of  these  is  the 
controlUng  one  can  be  definitely  answered  only  by  a  series  of 
experiments  carried  on  under  conditions  where  the  effect  of  each 
factor  can  be  evaluated.  Experiments  with  several  varieties 
and  strains  of  alfalfa  grown  at  Ithaca,  New  York,  show  that  in 
compact  soil  all  varieties  and  strains  develop  branch  roots,  but 
in  open  soil  the  taproots  predominate.-^^" 

Year-old  plants  grown  in  fairly  moist  loess  soil  in  north  central 
Kansas,  from  the  same  lot  of  seed  used  at  Lincoln,  had  a  root 
habit  like  that  described  for  plants  of  a  similar  age  at  Lincoln. 
But  those  grown  on  the  short-grass  plains  of  eastern  Colorado 
were  very  different.  Although  the  tops  were  11  inches  tall  and 
had  blossomed,  root  penetration  was  limited  by  a  hardpan  layer 


Fia.  98. — Alfalfa  excavated  in  the  short-grass  plains  on  June  28  during  the 
second  year  of  its  growth. 

of  very  dry  soil  which  occurred  at  a  depth  of  2  feet.  The  root 
habit  was  very  similar  to  that  of  the  2-year-old  plant  shown  in 
Fig.  98.  Low  water  content  of  soil  and  very  dry  air  caused  the 
crop  to  pass  many  days  in  a  semiwilted  or  wilted  condition, 
growth  being  resumed  when  showers  occurred.  The  taproots 
were  only  2  to  4  millimeters  thick  but  profusely  branched  with 
both  large  and  small  laterals.  Not  infrequently,  some  of  these 
were  equal  in  size  to  the  taproot.  A  horizontal  spread  of  1  to 
1.5  feet  was  characteristic,  some  roots  running  2  feet  in  the 
dry  soil.  Small  branches  were  so  numerous  that  the  soil  was 
remarkably  well  occupied  by  a  network  of  roots,  a  condition 
quite  unusual  in  fields  of  young  alfalfa  of  more  humid  regions. 
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Indeed,  the  modification  of  the  root  habit  was  so  great  that  one 
would  scarcely  recognize  the  roots  as  those  of  alfalfa. 

Chemical  analyses  showed  that  the  soils  were  rich  in  all  the 
necessary  nutrients;  nodules  occurred  on  the  roots  at  all  levels; 
aeration  could  not  have  been  a  limiting  factor  to  growth  in  this 
dry  soil;  and,  undoubtedly,  water  played  the  dominant  role. 
Further  investigations  at  Greeley,  Colo.,  substantiated  this 
conclusion. 

Root  Behavior  under  Irrigation  and  in  Dry  Land. — A  study  of 
crops  growing  with  and  without  irrigation  was  made  at  Greeley, 
Colo.^"*  The  plots  adjoined  those  already  described  for  corn  (p. 
186).  Turkestan  alfalfa  was  drilled  1  inch  deep  in  rows  20 
inches  apart  on  the  dry  land  but  sowed  broadcast  in  the  irrigated 


Fig.   99. — Roots  of  alfalfa  plants  2  months  old,  those  from  drj'  land  with  greater 
depth  and  longer  branches. 


plot  where  it  was  worked  into  the  soil  with  a  hand  rake.  The 
dry-land  plot  was  hoed  at  frequent  intervals  throughout  the 
season  to  conserve  the  moisture,  but  the  irrigated  plot  was  not 
tilled.     Sowing  was  done  on  April  11. 

Early  Development. — Owing  to  favorable  temperatures,  the 
crop  grew  well,  and  when  2  months  old,  that  in  the  irrigated  and 
fertilized  soil  was  6  inches  tall.  Each  plant  had  6  to  8  leaves. 
In  the  dry  land,  owing  largely  to  a  lack  of  moisture,  the  plants 
were  only  half  as  tall,  although  they  had  the  same  number  of 
leaves.     Differences  in  root  habit  were  already  pronounced  (Fig. 
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99).  Plants  in  the  dry  land,  where  water  was  very  scarce  in  the 
first  foot,  had  penetrated  deeper.  They  had  slightly  fewer  but 
longer  laterals  and  more  secondary  branches.  Tubercles  were 
also  more  abundant. 

Midsummer  Growth. — Root  development  was  again  examined 
on  July  8.  Practically  no  efficient  rainfall  had  occurred  up  to 
this  time.  In  the  dry  land,  there  was  almost  no  water  available 
in  the  surface  foot  and  only  2  to  3  per  cent  remained  in  the  deeper 


Fio.   100. — Roots  of  alfalfa  plants  3   months  old,   the  one  from  the  dry  land 
having  the  greater  number  of  branches. 


soil  layers.  In  the  irrigated  field,  the  3-months-old  plants  were 
18  inches  high,  and  many  were  in  blossom.  In  the  dry  soil,  they 
were  only  half  as  tall  and  most  of  them  had  not  bloomed.  A 
glance  at  Fig.  100  shows  the  marked  differences  in  root  habit. 
The  prominence  of  the  taproot,  its  greater  depth  of  penetration, 
and  the  relative  scarcity  of  large  branches  characterized  the 
plants  in  the  moist  soil.  This  contrasted  sharply  with  the  shal- 
lower, more  profusely  branched  taproot  found  in  the  dry  land, 
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where  several  of  the  major  branches  frequently  reached  depths 
nearly  or  quite  as  great  as  the  main  root. 

Most  of  the  dry-land  plants  had  from  three  to  six  large  branches 
in  the  first  foot;  about  half  of  the  plants  in  the  moist  soil  had 
none,  and  many  had  only  one,  although  some,  especially  isolated 
individuals,  frequently  had  two  or  more.  There  was  a  greater 
tendency  for  the  branches  to  turn  downward  with  less  lateral 
spreading  in  dry  land  tjian  in  the  irrigated  soil.  The  number  of 
small  laterals  varied  from  6  to  10  per  inch  and  was  about  the 
same  in  both  cases,  although  they  extended  much  closer  to 
the  root  tips  in  the  dry  soil.  This  was  due,  undoubtedly,  to  the 
slower  rate  of  elongation  of  the  main  roots.  In  the  irrigated  plot, 
the  taproots  had  grown  at  the  average  rate  of  about  half  an  inch 
a  day,  some  reaching  depths  of  over  3  feet.  Nodules  1  to  2 
miUimeters  in  diameter  occurred  abundantly  over  the  entire  root 
system  of  the  irrigated  plants,  but  in  the  dry  land,  they  were 
smaller,  not  abundant,  and  fairly  well  distributed  only  in  the 
first  18  inches  of  soil.  Thus,  it  seems  clear  that  an  unfavorable 
environment  not  only  affects  crop  growth  directly  but  also 
indirectly  through  its  influence  upon  nodule-forming  as  well 
perhaps  as  on  other  types  of  nitrogen-fixing  bacteria.  The 
activities  of  other  soil  organisms  are,  undoubtedly,  also  greatly 
modified. 

Root  Habit  at  the  End  of  the  First  Year. — A  final  examination 
was  made  near  the  end  of  the  growing  season  on  Sept.  12.  Rain- 
fall since  July  8  had  been  very  light,  and  little  water  had  been 
available  at  any  level  in  the  dry  land.  This  was  especially  the 
case  in  the  shallower  soil.  The  second  growth  in  the  irrigated 
plots,  the  first  crop  having  been  cut  on  July  26,  was  26  inches  tall. 
The  plants  were  in  full  bloom.  In  the  dry  land,  the  crop  was 
only  8  inches  tall.  A  root  depth  of  6.1  feet  had  been  attained  by 
the  more  vigorously  growing  crop,  at  which  level  seepage  water 
occurred.  Plants  in  dry  land  reached  a  maximum  depth  of  5.5 
feet.  The  roots  were  much  more  kinked  and  curved,  probably 
owing  to  the  greater  difficulty  in  penetrating  the  hard,  dry  soil 
(Fig.  101).  Working  depths  were  4.6  and  3.2  feet,  respectively. 
As  before,  the  dry-land  plants  were  characterized  by  a  greater 
number  of  strong  branches  in  the  surface  foot  and  by  a  marked 
tendency  to  spread  but  little  before  turning  downward  and  pene- 
trating deeply.  The  spread  of  branches  in  the  better  watered 
soil,  where  they  frequently  originated  at  a  depth  greater  than  1 
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foot,  was  much  luoie  pronounced,  sometimes  reaching  2  feet. 
No  nodules  were  found  on  dry-land  plants,  but  they  were 
abundant  to  4  feet  in  the  irrigated  soil. 
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Fig.   101. — Alfalfa  roots  near  the  end  of  the  first  season's  growth:  A,  dry  land; 

B,  irrigated  soil. 

Root  Extent  during  the  Second  Year. — By  July  10  of  the  second 
year,  which  was  relatively  very  wet,  the  dry-land  alfalfa  had 
extended  its  depth  from  5.5  feet,  where  dry  soil  had  occurred,  to 
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Tig.    102. — Root  systems  of  alfalfa  on  July  2  of  the  second  year  of  growth:  A, 
dry  laiifl;  li,  irrigated  soil. 
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9  feet.  Below  6  feet,  the  soil  was  sandy  and  gravelly.  In 
the  watered  plot,  growth  had  ceased  the  preceding  season  at  the 
6-foot  level,  owing  to  seepage  water  saturating  the  soil,  but  the 
roots  now  extended  to  nearly  10  feet.  A  comparison  of  Figs. 
101  and  102  shows  clearly  the  differences  between  the  root  sys- 
tems in  the  two  fields. 

Other  Investigations  of  Alfalfa. — The  root  habits  have  also 
been  studied  in  several  other  places  in  Colorado  in  soil  varying 
from  sandy  loam  to  heavy  clay.^"*  In  all  cases,  a  marked  taproot 
with  relatively  few  large  or  widely  spreading  branches  was  char- 
acteristic. Six-year-old  plants  on  stiff  clay  soil  near  Fort  Collins 
were  found  to  penetrate  to  a  depth  of  about  12  feet,  although  7 
feet  was  the  more  usual  depth  of  penetration  found  in  the  other 
Colorado  soils.  Little  correlation  was  found  between  depth  of 
roots  and  age  of  plants.  Year-old  plants  in  fine  loam  with  a 
clayey  subsoil  were  about  4  feet  deep  but  9-months-old  plants 
had  root  lengths  of  nearly  9.5  feet.  Roots  of  6-year-old 
plants  were  found  which  were  larger  than  9-year-old  ones.  The 
causes  for  these  differences  were  not  determined.  They  may 
have  been  due  in  part  to  thickness  of  planting  and  the  effects  of 
frequency  of  cutting.  In  the  sandy  soils  of  Wisconsin,  where  the 
roots  reach  depths  of  7  to  10  feet  and  sometimes  more,  a  study  of 
the  effects  of  different  treatments  on  the  growth  of  the  crop  has 
been  made.  In  these  light  soils,  too  frequent  and  especially  too 
early  cutting  greatly  retards  root  development.  ^^^ 

At  Stillwater,  Okla.,  where  a  porous  open  subsoil  is  overlaid  by 
a  plastic  clay  hardpan,  root  penetration  was  limited  to  the  soil 
above  the  hardpan.  Where  lime  was  applied,  the  roots  entered 
the  hardpan  but  did  not  pass  through  it,  though  on  soil  which 
had  been  treated  with  barnyard  manure,  the  roots  extended 
through  the  hardpan.  The  greatest  depth  of  root  penetration 
and  the  greatest  root  development  were  attained,  however, 
where  both  lime  and  manure  were  applied.  The  taproots,  under 
these  conditions,  extended  below  the  hardpan  into  the  more 
porous  lower  subsoil.  Increased  root  length  of  10  to  23  inches 
was  thus  brought  about.  Whether  the  results  were  due  to  the 
stimulating  effect  of  the  lime  and  manure  on  the  plant  or  to  their 
action  on  the  hardpan  was  not  ascertained.^'^  Undoubtedly,  in 
soils  with  a  very  deep,  moist  subsoil,  alfalfa  roots  reach  great 
depths.  However,  roots  seldom  reach  a  diameter  greatly 
exceeding  1  inch  and  arc  usually  about  3-^  inch  thick. 
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On  upland  loam  soil  at  Manhattan,  Kan.,  roots  have  been 
traced  to  depths  of  8.5  feet-''^  and,  in  stiff  clay  soils,  to  a  depth  of 
10  feet  without  finding  an  end.  Alfalfa  roots  are  said  to  extend 
15  to  30  feet  in  depth  in  fairlj'  good  soil.  It  ma}'  be  recalled  that 
depths  of  21  to  25  feet  are  attained  by  the  wild  rose  and  certain 
other  prairie  species.  The  need  for  an  extensive  absorbing 
system  can  be  appreciated  when  it  is  recalled  that  the  crown  of 
ahalfa  tusly  produce  from  100  to  over  300  leafy  stems. 

Varietal  Differences  in  Root  Habit. — In  regard  to  the  root 
habits  of  different  varieties,  studies  made  in  South  Dakota  are 
of  interest. 

There  are  outstanding  differences  between  the  root  systems  of 
southern-grown  common  and  yeUow-fiowered  alfalfas  in  the  promi- 
nence of  the  taproots,  the  development  of  branch  roots,  the  number  and 
development  of  rhizomes,  and  in  the  number  and  place  of  most  profuse 
production  of  fibrous  roots.  Between  many  plants  of  common  alfalfa, 
especially  of  the  less  upright  forms,  and  many  plants  of  the  Turkestan 
and  Grimm  alfalfas,  however,  differences  are  not  great,  and  it  is  often 
impossible  to  determine  by  their  root  systems  the  groups  to  which  these 
plants  belong.  In  brief,  the  root  systems  of  the  least  hardy  forms  of 
purple-flowered  alfalfa  may  be  distinguished  from  the  most  hardy 
hybrid  and  yellow-flowered  alfalfas  with  accuracy,  but  the  intermediate 
forms  are  not  sufficiently  distinct  to  be  distinguishable  from  one  another 
or  invariably  from  some  forms  of  the  non-hardy  or  3'ellow-flowered 
alfalfas.  ^^ 

Relation  of  Root  Habit  to  Crop  Production. — An  examination 
of  seedling  alfalfa  roots  helps  to  make  clear  why  a  well-prepared 
seed  bed  is  essential  to  a  good  stand,  the  delicate  roots  growing 
best  when  in  close  contact  with  well-pulverized  soil.  It  also 
explains  why  a  crop  sowed  early  in  the  fall  does  not  winterkill 
as  badly  as  the  less  developed  plants  of  a  late-sowed  one. 
Although  alfalfa  is  not  exacting  as  regards  soil  texture  and  will 
grow  well  even  in  heavy  clay  soils,  a  knowledge  of  its  deeply 
rooting  habit  explains  why  it  thrives  best  in  deep,  permeable  soils, 
as  loam,  silt  loam,  or  sandy  loam.  The  roots  are  very-  sensitive 
to  poor  aeration  resulting  from  standing  water,  complete  sub- 
mergence for  only  a  day  frequently  being  fatal,  and  the  crop  grows 
poorly  or  not  at  all  if  water  stands  within  2  to  3  feet  of  the  sur- 
face. Hence,  the  soil  must  be  well  drained ;  in  fact,  the  deeper 
root  system  demands  more  complete  drainage  of  the  soil  than  do 
many  other  field  crops.     If  the  soil  lacks  depth  due  to  such 


228  nOOT  DEVELOPMENT  OF  FIELD  CROPS 

factors  as  a  high  water  table,  hardpan,  rock  ledge,  etc.,  the  crop 
is  unable  fully  to  utilize  its  deeply  rooting  habit.  Although 
adapting  its  root  habit  to  a  considerable  extent,  growth  will 
usually  be  less  vigorous  and  the  plant  less  able  to  withstand 
the  competition  of  weeds  rooting  in  the  surface  soil.  Its  deeply 
rooting  habit  is  a  character  which  well  adapts  it  to  serniarid 
regions,  where,  because  of  moderate  precipitation,  the  soils  are 
well  drained,  rich  in  unleached  lime  and  other  nutrients,  but  often 
fairly  moist  to  considerable  depths.  Its  ability  to  withstand 
drought  and  to  continue  growth,  often  when  other  plants  are 
wilting  or  dead,  is  due,  in  a  large  measure,  to  its  deep  root  system 
drawing  upon  water  in  the  moist  layers  of  the  deeper  soil. 

Because  of  its  large  root  growth,  alfalfa  exerts  a  very  beneficial 
effect  upon  the  soil,  even  compact  soils  becoming  porous  and 
friable.  Aside  from  the  fertilizing  effect  of  the  decayed  roots 
and  the  increased  nitrogen  supply  resulting  from  the  activities 
of  the  bacteria  in  the  nodules,  some  of  the  nutrients  obtained  from 
the  deeper  subsoil  are  left  near  the  soil  surface  upon  the  decay  of 
the  roots  and  stubble  and  are  thus  made  available  for  other 
plants.  The  roots  and  crowns  decay  quickly,  leaving  the  soil 
mellow  and  highly  productive.  It  should  be  noted,  however, 
that  alfalfa  requires  much  more  of  certain  other  nutrients,  notably 
phosphorus,  potassium,  and  calcium,  than  equivalent  yields  of 
many  other  crops,  and  the  soil  is  consequently  more  depleted  of 
these  elements. 

It  has  been  found  in  Colorado  and  in  Canada  that  alfalfa  plants 
having  a  branched  root  system  are  better  able  to  withstand  winter 
soil  heaving  than  those  having  only  a  single  taproot.  Plants 
which  develop  rooting  underground  stems  are  able  to  maintain 
themselves  after  the  death  of  the  main  root.  When  alfalfa  has 
the  habit  of  spreading  by  root  proliferations,  the  plant  is  better 
able  to  recuperate  from  injury  and  to  withstand  cold.  It  has 
also  been  ascertained  that  such  plants  are  generally  more  drought 
resistant.^""  ■13'' 

Recent  physiological  investigations  have  shown  an  important 
interrelationship  between  the  size  and  composition  of  the  roots  of 
alfalfa  and  the  productivity  of  tops. 

New  top  growths,  especially  in  their  early  stages,  are  initiated  largely 
at  the  expense  of  previously  deposited  organic  root  reserves.  The 
quality  of  these  storage  materials  and  their  relative  availability  to  the 
early  growth  requirements  of  a  young  shoot  influence  its  subsequent 
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growth  and  ultimate  production.  The  translocation  of  the  storage 
products  from  the  root  to  the  young  stems  results  in  root-reserve 
depletion.  This  deficiency  cannot  be  restored  by  supph'ing  mineral 
nutrients  to  the  plant;  but,  since  the  reserves  appear  to  be  largely 
organic,  they  must  be  elaborated  by  the  plant  itself  and  translocated 
to  the  root.  Before  the  partial  depletion  of  the  root  reserves  is  fully 
replenished,  the  stems  must  reach  a  certain  degree  of  maturity.  In 
alfalfa,  this  is  apparently  the  seed-pod  stage. ^^^ 

Frequent  cutting  in  an  early  bud  stage  checks  root  growth.  In 
one  experiment  involving  the  measurement  of  355  plants,  the 
root  diameter  near  the  crown  was  reduced  29  per  cent  by  two 
cuttings  in  the  early  bud  stage  as  against  one  cutting  in  full 
bloom.  The  growth  of  new  stems  is  accompanied  by  an  appreci- 
able decrease  in  the  roots  of  both  available  carbohydrate  and 
nitrogen  reserves. 

With  favorable  soil  and  climatic  conditions,  the  growth  of  new  shoots 
and  stems  of  alfalfa  is  largely  dependent  on  the  organic  food  reserves 
remaining  in  the  root  and  crown  when  the  last  cutting  is  made.  Since 
the  early  growth  of  alfalfa  stems  tends  to  exhaust  the  root  reserves,  the 
primary  cause  of  root  exhaustion  is  a  removal  of  the  leaves  and  stems 
before  they  have  had  opportunity  to  replenish  completely  these  losses. 
Cutting  the  crop  too  often  in  an  immature  stage  ultimately  robs  the 
root  and  crown  of  its  stored  products,  and  the  plant  is  left  in  a  weakened 
and  exhausted  state.  Each  successive  premature  cutting  results  in 
increased  detrimental  effects  until  finally  the  plant  dies.^^^ 

Prematurely  cut  alfalfa  often  exhibits  decided  pathological 
symptoms  of  yellowing  and  stunted  growth.  Accompanying 
decreased  vigor  and  stand  is  a  corresponding  increase  in  weeds 
and  bluegrass  infestation.  Depleted  root  reserves  are  associated 
with  a  high  water  content  of  the  root  and  a  low  concentration  of 
dissolved  organic  constituents,  a  condition  which  may  be  a 
contributing  factor  in  winterkilling.  ^^^ 

SUMMARY 

Alfalfa  is  a  long-lived,  very  deeply  rooted  perennial.  Upon 
germination,  a  strong  taproot  develops  rapidly  and  penetrates 
almost  vertically  downward.  It  often  reaches  a  depth  of  5  to 
6  feet  the  first  season,  10  to  12  feet  by  the  end  of  the  second  j^ear, 
and  may  ultimately  extend  to  depths  of  20  feet  or  more.  It  is 
notably  a  deep  feeder.  In  common  alfalfa,  practically  no 
branches  occur  in  the  surface  few  inches  of  soil,  and  those  that 
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originate  deeper  do  not  spread  widely  but  turn  downward  after 
running  a  little  distance  obliquely  and  usually  pursue  a  course 
more  or  less  parallel  with  the  taproot.  Often,  both  large  and 
small  branches  are  quite  scarce,  and  the  taproot  is  always  the 
most  prominent  part  of  the  root  system.  Under  favorable  soil 
conditions,  nodules  occur  at  all  depths.  The  root  habit  shows 
considerable  variation  among  the  different  varieties,  and  that  of 
a  given  variety  varies  markedly  under  different  environmental 
conditions.  When  depth  of  penetration  is  limited,  the  degree  of 
branching  and  wide  lateral  spreading  of  branches  may  become 
very  pronounced.  The  crop  makes  its  best  growth  in  deep,  moist 
soils  where  the  full  extent  of  its  deeply  penetrating  root  system 
may  be  utilized.  A  close  relation  exists  between  development  of 
tops  and  growth  of  roots,  too  frequent  and,  especially,  too  early 
cutting  retarding  root  growth. 


CHAPTER  XIV 

ROOT  HABITS  OF  VARIOUS  CLOVERS 

Clovers  are  among  the  most  widely  known  and  most  important 
of  cultivated  legumes.  They  are  a  basic  crop  in  the  agriculture 
of  the  greater  part  of  the  northeastern  States  and  as  far  west  as 
the  Great  Plains.  The  great  value  of  clovers  as  pasture  plants 
and  as  hay  crops  is  familiar  to  nearly  every  one.  Since  they  are 
able,  with  the  aid  of  bacteria  in  their  root  tubercles,  to  make  use 
of  the  free  nitrogen  of  the  air  and  to  store  it  in  their  tissues,  their 
use  in  crop  rotations  is  very  important  in  maintaining  soil 
productivity. 

COMMON  RED  OR  PURPLE  CLOVER 

Red  clover  {Trifolium  pratense)  is  a  biennial  or  perennial  plant. 
It  is  one  of  the  most  important  and  most  widely  known  of  all 
cultivated  legumes.  The  life  period  is  a  varietal  character,  the 
average,  perhaps,  being  about  2  years.  The  top  develops  from  a 
pronounced  taproot  which  penetrates  very  deeply  and  possesses 
an  extensive  system  of  laterals. 

Early  Development. — The  root  system  of  a  plant  2.5  months 
old,  grown  in  a  field  near  Lincoln,  Nebr.,  in  rich,  moist,  silt  loam 
soil  is  shown  in  Fig.  103.  The  top,  at  this  time,  was  scarcely  12 
inches  tall.  The  strong  taproot,  the  widely  spreading  and  much- 
branched  laterals,  and  the  abundance  of  tubercles  are  all 
characteristic. 

By  the  middle  of  August  of  the  first  growing  season,  the  plants 
had  blossomed  profusely,  and  some  were  ripening  seed.  They 
were  about  13  inches  tall  and  had  from  3  to  13  stems  from  each 
root.  Several  taproots,  5  to  7  milhmeters  in  diameter  near  the 
soil  surface,  were  traced  to  depths  of  4.5  feet.  These  tapered  so 
rapidly  that  at  a  depth  of  9  inches  they  were  only  a  milhmeter 
thick.  Frequently,  as  many  as  10  major  branches  arose  from  a 
single  root  in  the  surface  8  inches  of  soil.  They  ran  horizontally 
or  slightly  obliquely  4  to  12  inches  before  turning  downward, 
where,  tapering  rapidl}-,  some  of  the  longest  reached  depths  of  3 
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to  4  feet.  In  addition  to  these  laterals,  the  first  G  to  12  inches  of 
taproot  were  clothed  with  very  numerous  smaller  branches  1  to  7 
inches  long.  Below  the  first  foot,  no  large  branches  occurred, 
although,  infrequently,  the  taproot  divided  into  two  more  or  less 
equal  parts.  Short  branches,  only  a  few  millimeters  apart,  arose 
throughout  the  course  of  the  root  to  a  depth  of  3  to  4  feet.  The 
joints  of  the  deeper  soil,  especially,  were  filled  with  networks  of 
rootlets.  The  taproot  was  prominent  throughout  and,  in  general, 
pursued  a  vertically  downward  course. 


Fig.   103. — Root  system  of  red  clover  about  2.5  months  old 


On  drier  upland  soil,  the  plants  were  smaller  and  slower  in 
blossoming.  There  were,  also,  fewer  stalks  per  plant.  The 
largest  roots  were  only  5  to  6  millimeters  in  diameter.  None 
penetrated  deeper  than  4  feet.  The  root  habit  was  very  similar 
to  that  described,  but  the  larger  laterals  were  often  fewer. 

That  red  clover  has  a  deep,  well-branched  taproot  is  further 
shown  by  studies  in  Minnesota. ''''  Here,  in  a  rich  drift  soil  of 
clay,  sand,  and  loam,  plants  at  the  ages  of  1,  2,  and  5  months. 
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respectively,  had  roots  which  reached  depths  of  7,  22 
68  inches.  On  all  the  plants, 
the  large  laterals  were  very 
abundant,  and  many  were  as 
large  as  the  taproot  and  pene- 
trated to  as  great  a  depth  as 
the  taproot. 

In  New  York,  where  heavy 
clay  soil  was  underlaid  with 
tenacious,  gravelly  clay,  the 
taproots  reached  a  depth  of 
34  inches  the  first  season. 
Branching  occurred  through- 
out their  length,  some  of  the 
branches  extending  12  inches 
from  the  taproot.  ^^ 

Mature  Root  System. — 
Further  development  of  the 
roots  consists  largely  in  their 
deeper  penetration  and  the 
growth  of  some  additional 
laterals.  A  mature  root  sys- 
tem is  shown  in  Fig.  104. 
A  comparison  with  the  young 
plant  in  Fig.  103  readily  re- 
veals the  fact  that  the  terri- 
tory later  fully  occupied  by 
the  roots  was  already  blocked 
out  early  in  their  growth. 
The  fully  grown  plants  were 
excavated  in  deep,  fertile  silt 
loam  which  was  underlaid  to 
a  depth  of  at  least  10  feet 
with  a  fairly  compact,  moist, 
loess  subsoil.  Strong  tap- 
roots, nearly  half  an  inch 
thick,  were  common  but 
tapered  so  rapidly  that  at  a 
depth  of  1  foot,  they  were 
seldom  more  than  half  as 
large.     The  roots  penetrated 


and 


Fig.   104. — Mature    root    system    of  red 
clover. 
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nearly  straight  downward  to  depths  of  8  to  10  feet.  A  great  mass 
of  fine  rootlets  arose  from  the  crown  and  first  few  inches  of  the 
taproot  and,  running  laterally  for  distances  of  6  to  8  inches, 
quite  filled  the  surface  soil.  As  illustrated  in  Fig.  104,  a  few 
larger  branches,  2  to  3  millimeters  in  diameter,  arose  in  the  surface 
foot  and  extended  out  horizontally  or  obliquely  for  distances  of 
0.5  to  1.5  feet  before  turning  downward.  These  usually  extended 
to  the  third-  or  fourth-foot  level.  Below  the  surface  1.5  feet, 
lateral  roots  were  more  sparse.  In  the  deeper  soils,  the  branches 
were  very  fine  and  ran  for  several  inches  without  branching. 

Why  red  clover  makes  its  best  growth  on  rich,  deep, 
well-drained  soil  and  why  it  does  not  thrive  on  low,  poorly 
drained  soil  may  be  readily  understood  from  a  knowledge  of  its 
deeply  penetrating  root  system.  One  reason  why  it  is  often 
advantageous  to  seed  red  clover  in  a  mixture  with  other  clovers 
and  cultivated  grasses  is  that  the  root  systems  of  the  different 
species  vary  widely.  As  a  result,  the  soils  of  both  the  upper  and 
lower  layers  are  more  fully  occupied  than  they  would  be  by  a 
stand  of  a  single  crop. 

WHITE  CLOVER 

White  clover  {Trifolium  repens)  is  a  perennial  legume  with  a 
root  habit  which  is  very  similar  to  that  of  red  clover,  although 
somewhat  finer,  at  least,  during  the  first  year  of  its  development. 
Plants  grown  at  Lincoln  had  pronounced  taproots.  These 
reached  depths  of  2.5  feet  by  midsummer  in  both  upland  and  low- 
land silt  loam  soil,  although  the  tops  were  only  3  to  5  inches  tall. 
The  taproots  were  2  to  2.5  millimeters  thick,  and  the  branching 
throughout  was  very  similar  to  that  of  red  clover. 

At  the  New  York  Experiment  Station,  the  taproots  of  plants 
growing  in  stiff  clay  soil  were  found  to  branch  about  2  inches 
below  the  surface,  many  roots  extending  9  inches  from  the  tap- 
root. While  the  majority  of  the  roots  were  within  the  surface  15 
inches  of  soil,  a  few  reached  depths  of  2  feet  during  the  first  year 
of  growth.'^ 

Mature  plants  possess  long,  deeply  penetratmg  taproots  from 
which  originate  many  profusely  rebranched  laterals.  Root 
tubercles  occur  throughout. 

WHITE  SWEET  CLOVER 
White  sweet  clover  (Melilotus  alba)  is  a  biennial  crop  and  road- 
side plant.     Like  many  other  legumes,  it  is  characterized  by  a 
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strong  taproot.  It  makes  a  fair  growth  even  in  soils  so  depleted 
of  nitrogen  and  humus  that  they  wUl  not  produce  other  crops 
profitably.  It  even  thrives  on  newly  exposed  heavy  clay  soils  or 
upon  steep  embankments  where  little  else  will  grow.  But  it 
makes  its  best  development  in  fertile,  moist  soils  where  it  may 
reach  a  height  of  1  foot  in  7  weeks. 

Early  Development. — Seven-weeks-old  plants  were  found  to 
possess  strong  taproots  which  ran  vertically  downward  to  depths 
of  2  to  2.6  feet,  although  the  roots  were  only  1  to  3  millimeters  in 
diameter.  They  were  exceedingly  well  branched  throughout 
their  course,  even  to  their  tips.  The  branches  were  small  and 
mostly  2  inches  or  less  in  length,  although  some  had  reached 
lengths  of  5  to  6  inches.     Tubercles  were  abundant  (cf.  Fig.  105). 

Four-months-old  Plants. — When  16  weeks  old,  the  stems  were 
about  haK  a  centimeter  in  diameter  and  21  inches  tall.  A 
typical  root  system  is  shown  in  Fig.  106.  The  taproots  were  of 
the  same  diameter  as  the  stems.  They  tapered  rapidly,  some 
being  a  little  more  than  5  feet  deep.  Rarely  more  than  two  large 
branches  occurred  on  a  plant.  They  originated  at  various  depths 
to  4  feet.  In  thin  stands,  the  roots  are  often  much  more 
branched.  Many  small  laterals  clothed  the  taproot  and  major 
branches  throughout  their  course.  These  varied  from  a  few 
millimeters  to  several  inches  in  length.  The  younger,  glistening 
white  roots  of  the  deeper  soils  branched  not  at  all  or  only  poorly, 
except  where  they  occurred  in  the  crevices  of  the  jointed  soil. 
Here,  perhaps  because  of  better  aeration,  they  branched 
profusely.  Nodules  were  of  frequent  occurrence  to  depths  of  3 
to  4  feet.  In  upland  soil,  plants  of  the  same  age  but  with  smaller 
tops  had  roots  which  extended  even  deeper  (6.5  feet). 

A  similar  rapid  development  of  the  roots  of  this  species  was 
found  at  Geneva,  N.  Y.  Here  in  stiff  clay  soil,  the  taproot  had 
reached  a  depth  of  33  inches  by  midsummer  (July  27).  Branches 
extended  laterally  18  inches.  The  surface  1.5  feet  of  soil  was 
quite  filled  with  these  and  their  sublaterals.^* 

Twelve-months-old  Plants. — The  root  sj^stem  of  a  12-months- 
old  plant  is  shown  in  Fig.  107.  This  grew  in  rather  low  level 
land  adjoining  a  sandy  ridge  near  Central  City,  Nebr.  The  old 
bluegrass  sod  had  been  covered  to  a  depth  of  1.2  feet  by  wind- 
blown sand  from  the  adjacent  hills,  and  the  sweet  clover  had 
been  planted  to  prevent  further  local  soil  shifting.  Below  the 
drifted  sand,  there  was  a  layer  of  1  foot  of  black  sandy  loam. 
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P"iG.   105. — Sweet  clover  plant  63  Fig.   106. — Sweet  clover  root  system 

days  old,  grown  in  upland  soil.  about  4  months  old. 
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Fig.   107. — ^One-year-old  sweet  clover  root  system.     Scale  in  feet. 
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underlaid  by  2.8  feet  of  fairly  pure  sand.  Seepage  water  occurred 
above  a  layer  of  clay  at  the  5-foot  level.  This  undoubtedly 
hindered  further  root  penetration,  for  mature  plants,  in  well- 
drained  soil,  may  reach  depths  of  8  feet  or  more.  The  numerous 
large  branches,  which,  on  many  other  plants,  originate  also  nearer 
the  soil  surface,  were  very  characteristic.  The  first  1.5  feet  of  the 
taproot  had  numerous  small  laterals  only  a  millimeter  or  two  in 
diameter.  These  ran  horizontally  to  distances  of  0.5  to  1.5 
feet,  or  even  more,  and  filled  the  surface  sand  with  a  delicate 
network  of  absorbing  roots.  Few  of  the  main  laterals  spread  to  a 
greater  distance  than  2  feet  from  the  downward  course  of  the  tap- 
root, but  most  of  them  reached  depths  of  about  5  feet.  All  were 
abundantly  supplied  with  extremely  well-branched  sublaterals 
so  that  the  soil  was  well  filled  with  roots  to  this  depth.  Thus, 
sweet  clover  is  not  only  quite  deeply  rooted  but  is  also  fitted  to 
absorb  at  all  levels  in  the  soil. 

The  root  system  of  the  annual  white  variety,  Hubam  clover, 
may  exceed  6  feet  in  length,  ^^i  Comparative  field  tests  in  Ohio 
have  shown  that  the  biennial  plants  have  a  very  much  larger  and 
deeper  root  system  than  Hubam.  The  weight  of  the  roots  to  a 
depth  of  a  foot  was  seven  times  greater,  and  the  percentage  of 
nitrogen  in  the  roots  four  times  as  great  as  in  the  annual 
variety. ^^^ 

Other  Root  Relations. — The  effects  of  roots  of  leguminous  crops 
upon  their  death  and  decay  in  loosening  and  aerating  the  deeper 
soil  are  very  great.  In  old  clover  and  alfalfa  fields,  the  soil  is 
quite  filled  with  root  channels  which  greatly  modify  its  structure 
and  promote  aeration.  The  amount  of  manure  they  add  to  the 
soil  is  likewise  significant.  This  has  been  calculated  from  care- 
ful measurements  made  over  small  areas.  In  the  case  of  a  good 
stand  of  2-year-old  red  clover,  6,580  pounds  of  vegetable  matter — 
over  3  tons  per  acre — were  left  as  roots  in  the  soil.  Chemical 
analyses  showed  that  this  included  180  pounds  of  nitrogen,  71 
pounds  of  phosphoric  acid,  and  77  pounds  of  potash.  ^^^  Of 
course,  a  long  series  of  decomposition  processes  is  necessary 
before  the  materials  in  the  decaying  roots  again  become  avail- 
able for  plant  use.  Similar  studies  in  Michigan  have  shown 
that,  during  the  first  season,  biennial  sweet  clover  produced 
1,825  pounds  of  air-dried  roots  per  acre,  Hubam  clover,  290 
pounds,  and  alfalfa,  1,195  pounds.^"  In  a  sandy  soil  at  Logan, 
Utah,  5,630  pounds  of  clover  roots  and  short  stubble  were  pro- 
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duced  per  acre  in  the  surface  12  inches  alone. ^^^  In  general, 
there  is  about  1  pound  of  roots  to  2  pounds  of  red  clover  plant 
aboveground. 

It  has  been  shown  in  the  case  of  both  red  clover  and  alfalfa 
that  these  crops,  through  the  work  of  the  bacteria  in  their 
tubercles,  may  take  more  nitrogen  from  the  air  than  is  contained 
in  the  hay.^^  Therefore,  the  mere  turning  under  of  the  roots  and 
stubble  may  increase  the  nitrogen  content  of  the  soil.  These 
legumes  are,  therefore,  well  suited  to  a  place  in  a  crop  rotation 
which  requires  the  removal  of  the  parts  aboveground  and  the  use 
of  the  stubble  and  roots  for  keeping  up  the  yield  of  other  crops. 

SUMMARY 

Red  clover  has  a  pronounced  and  deeply  penetrating  taproot. 
During  its  first  season  of  growth,  it  frequently  reaches  depths  of 
4  to  6  feet,  while  mature  plants  in  mellow  well-drained  soil 
penetrate  to  8  feet  or  even  deeper.  Numerous  long  branches 
arise  from  the  taproot,  especially  in  the  first  foot  of  its  course. 
They  occur  also,  although  in  less  abundance,  on  the  second  and 
third  foot.  They  usually  spread  laterally  12  to  18  inches  before 
turning  directly  downward,  the  longest  frequently  ending  in  the 
third  or  fourth  foot  of  soil.  Supplemented  by  smaller  laterals 
which,  like  the  larger  ones,  are  fairly  well  branched,  they  form 
with  the  taproot  an  excellent  absorbing  system.  White  clover 
has  a  root  habit  quite  similar  to  that  of  red  clover,  at  least,  during 
its  first  season  of  growth. 

White  sweet  clover  rapidly  develops  a  deep  fleshy  taproot. 
This  was  found  to  reach  a  depth  of  2.5  feet  at  the  end  of  7  weeks 
and  about  6  feet  after  4  months  of  growth.  Mature  plants  have 
roots  1  to  1.5  inches  in  diameter  and  5  to  8  feet  deep.  The 
degree  of  branching  varies  somewhat  with  the  rate  of  planting, 
being  greater  in  plants  that  are  not  too  crowded.  Many  large 
and  numerous  smaller  branches,  all  well  supplied  with  laterals, 
spread  rather  widely  and  penetrate  deeply,  furnishing  the  plant 
with  an  excellent  absorbing  system.  The  annual  variety  has  a 
less  extensive  root  system. 

Leguminous  crops  have  a  markedly  beneficial  effect  upon  soil 
structure;  they  add  large  amounts  of  nitrogen  through  their 
tubercle  development,  and  upon  the  decay  of  the  roots,  the 
organic  matter  of  the  soil  is  greatly  increased. 


CHAPTER  XV 
ROOT  HABITS  OF  THE  POTATO 

The  root  habits  of  the  potato  (Solanum  tuberosum)  have  been 
thoroughly  studied  in  many  places.  At  Peru,  Nebr.,  Early  Ohio 
potatoes  were  grown  in  mellow  loess  soil  in  rows  3  feet  apart. 
The  plants  were  spaced  2  feet  apart  in  the  rows.  The  field  was 
kept  clean  by  shallow  hoeing  so  that  the  potato  roots  lying  near 
the  surface  were  not  disturbed.  Planting  was  done  on  April  5, 
and  the  roots  were  examined  on  May  31. 

Early  Development. — When  the  tops  were  nearly  a  foot  high, 
the  root  system  was  almost  entirely  in  the  surface  6  to  8  inches 


Fig.  108.- 


-One-half  of  the  root  system  of  an  Early  Ohio  potato  plant,  56  days 
old. 


of  soil.  As  many  as  55  roots  originated  from  the  base  of  a  single 
plant  and  ran  practically  parallel  with  the  surface  of  the  soil 
(Fig.  108).  They  varied  from  a  few  inches  to  2.2  feet  in  length. 
None  penetrated  deeper  than  1.5  feet.  The  soil  about  the 
plants  was  so  thoroughly  filled  with  these  roots  that  it  was 
found  impossible  to  represent  all  of  them  in  one  plane.     Con- 

240 


ROOT  HABITS  OF  THE  POTATO 


241 


sequently,  the  drawing  shows  but  one-half  of  the  entire  root 
system.  The  close  proximity  of  the  roots  to  the  soil  surface, 
some  being  entirely  confined  to  the  first  2  inches,  should  be 
taken  into  account  in  tillage  practice.  Deep  cultivation  would 
have  been  very  destructive  to  the  roots  and  would  undoubtedly 
have  upset  the  nicely  adjusted  balance  between  root  and  shoot, 
resulting  in  a  materially  decreased  yield. 


Fig.    109. — Ono-half  of  fhc  root  system  of  a  mature  potato  plant. 


It  should  be  noted  that  a  number  of  the  longer  roots  showed  a 
distinct  tendency  to  turn  rather  abruptly  downward.  This  is  a 
marked  character  in  the  normal  growth  habit.  The  main  roots 
were  densely  covered  with  thread-like  branches  varying  in  length 
from  a  fraction  of  an  inch  to  4  inches.  These  were  so  numerous 
that  the  surface  soil  was  thoroughly  occupied  by  them.  Several 
young  tubers  had  begun  to  appear. 
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Mature  Root  System. — When  growth  was  complete  and  about 
one-third  of  the  leaves  dead,  the  plants  were  again  examined. 
This  was  on  July  8,  94  days  after  planting.  One-half  of  the 
mature  root  system  is  shown  in  Fig.  109.  The  form  of  the  root 
system  was  almost  identical  with  that  found  5  weeks  earlier. 
Practically  the  only  difference  was  in  its  extent.  With  few 
exceptions,  the  roots  ran  outward  and  downward  in  the  surface 
foot  and  often  in  the  surface  8  inches  for  distances  varying  from 
6  inches  to  over  2  feet.  They  then  curved  more  or  less  abruptly 
downward  and  continued  their  irregular  course  to  a  depth  of  2  to 
4.7  feet.  Some  were  still  distinctly  shallow,  running  their  entire 
course  in  the  surface  2  to  3  inches  of  soil.  The  paucity  of  roots 
penetrating  vertically  downward  beneath  the  plant  is  in  striking 
contrast  to  the  habit  of  corn  and  the  smaller  cereals.  All  the 
roots,  whether  shallow  or  deep,  were  freely  branched  throughout 
their  course,  even  to  their  tips.  These  fine,  white,  frec^uently 
rebranched  laterals  were  usually  0.5  inch  to  4  inches  long,  although 
some  near  the  surface  reached  15  inches. 

Thus,  in  its  early  growth,  the  potato  has  a  distinctly  superficial, 
widely  spreading  root  system.  Later  the  roots  turn  downward 
and  rather  thoroughly  occupy  the  second,  third,  and  part  of  the 
fourth  foot  of  soil.  The  soil  volume  directly  under  the  plant  is 
often  less  completely  occupied.  The  individual  plants  were 
more  variable  in  respect  to  number  and  extent  of  roots  than  any 
of  the  monocotyledonous  crops. 

During  a  following  season,  the  tendency  of  the  roots  to  turn 
downward  after  spreading  widely  was  not  so  marked,  perhaps 
not  more  than  30  per  cent  penetrating  far  below  the  1.5-  to  2-foot 
level.  Drier  soil  both  above  and  below  the  second  foot  may  have 
accounted,  in  part,  for  this  difference.  The  root  ends  were  much 
more  branched  than  previously.  In  all  other  respects,  the  root 
habit  was  similar. 

Root  Habit  in  Relation  to  Tillage. — The  relation  of  the  root 
habit  of  potatoes  to  methods  of  cultivation  is  apparent.  It  is 
very  similar  to  that  of  corn.  Thorough  tillage  should  be  given 
during  the  early  development  of  the  crop  so  as  to  afford  the 
most  favorable  environment  for  the  growth  of  the  roots  and 
tubers.  Each  successive  cultivation  should  be  shallower  than 
the  preceding  one  and  farther  away  from  the  plants.  Usually, 
during  the  final  cultivation,  enough  soil  should  be  worked  in 
towards  the  vines  to  give  a  little  ridging.     This  protects  the 
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tubers  growing  near  the  surface  from  sunburn  and  frost.  Care- 
less cultivation  or  its  continuance  too  late  in  the  season  often 
causes  low  yields.  A  single  cultivation  when  the  soil  is  well 
filled  with  roots  may,  in  the  absence  of  a  rain  soon  after 
cultivation,  reduce  the  yield  fuU}^  one-half.  ^^'^ 

Variations  in  Root  Habit  under  Different  Degrees  of  Mois- 
ture.— ^Like  other  cultivated  plants,  the  potato  gives  a  marked 
response  to  differences  in  environment.  Bliss's  Triumph  potato, 
widely  cultivated  in  Colorado  as  an  early  variety,  was  grown  in 
an  unirrigated  plot  of  fine  sandy  loam  soil  at  Greeley,  during  2 
successive  years.  ^"^  As  indicated  by  the  water  content  of  the 
soil,  the  second  year  was  one  of  much  greater  rainfall.  The  roots 
of  plants  grown  in  the  same  field  during  the  2  years  are  shown  in 
Fig.  110.  The  hills  were  spaced  14  inches  apart  in  rows  3  feet 
distant.  During  the  drier  year,  no  water  was  available  in  the 
third  foot  and  only  a  small  amount  in  the  surface  soil.  Scarcity 
of  water  promoted  an  early  extensive  root  development.  The 
exceedingly  numerous,  long,  much-branched  laterals  thoroughly 
ramified  the  dry  soil.  Owing  to  hot,  dry  weather,  coupled  with 
little  available  water,  which  at  certain  levels  was  practically 
none,  the  plants  did  not  increase  in  size  between  June  23  and  the 
next  examination  on  July  7.  They  wilted  almost  daily  and 
regained  partial  turgidity  only  during  the  cool  nights.  Under 
these  conditions,  growth  was  poor.  The  roots  had  scarcely 
developed  beyond  the  state  reached  2  weeks  earlier.  In  fact,  the 
lateral  spreading  and  branching  had  not  changed,  except  that 
the  branches  now  extended  to  the  root  tips,  indicating  the  cessa- 
tion of  root  elongation.  The  working  depth,  however,  had 
been  increased  6  inches,  and  the  maximum  penetration  from  23 
to  26  inches.  Branching  was  profuse  throughout.  Laterals 
occurred  at  the  rate  of  15  to  20  per  inch  and  ranged  in  length 
from  1^  inch  to  18  inches.  These  were  thickly  rebranched  to 
near  their  tips. 

In  striking  contrast  was  the  extensive  root  habit  in  the  same 
soil,  when  water,  although  not  abundant,  was  sufficient  for 
continuous  growth.  The  earlier  examination  showed  that  the 
branches,  although  the  same  in  number  as  in  the  previous  year, 
were  decidedly  shorter.  They  averaged  only  3  inches  (maximum 
11)  as  compared  with  5  inches  (maximum  18).  At  the  later 
examination,  the  tops  were  17  inches  tall  as  compared  with 
8  inches  for  the  dry  year  and  lacked  only  1  foot  of  occupying 
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Fig.  110. — One-half  of  the  root  systems  of  Bliss's  Triumph  potato  grown  in 
the  same  soil  but  with  different  amounts  of  water.  The  more  extensive  root 
system  developed  under  a  favorable  water  content. 


ROOT  HABITS  OF  THE  POTATO  245 

all  the*  space  between  the  3-foot  rows.  In  spite  of  the  excellent 
root  system,  even  these  plants  showed  symptoms  of  drought. 
Many  leaves  had  died,  and  others  were  half  dry.  Correlating 
with  the  better  development  aboveground,  the  roots  had  extended 
their  absorbing  area  to  a  working  level  of  3  feet,  and  a  maximum 
penetration  of  46  inches  was  attained.  Branching  was  profuse 
throughout.  The  previous  yield  of  19  bushels  per  acre  was 
increased  to  29  bushels,  the  tops  having  made  too  luxuriant  a 
growth  to  resist  drought,  which  later  caused  the  crop  to  dry 
early  and  thus  reduced  the  yield. 

Root  habits  of  similar  crops  grown  in  adjacent  irrigated  plots 
are  well  worth  comparison.  Here,  the  plants,  late  in  June  of 
the  dr>^  year,  had  larger  tops  but  much  less  extensive  root  sys- 
tems. At  the  June  examination,  root  habit  in  the  lightly  and 
fully  irrigated  plots  was  identical.  These  plots  had  been  ferti- 
hzed  at  the  rate  of  5  tons  of  barnyard  manure  per  acre  before  the 
seed  bed  was  prepared.  Root  habit  differed  from  that  in  the  dry 
land  in  a  slightly  shallower  penetration,  fewer  roots  occurring 
in  the  second  foot  of  soil,  and  especially  in  fewer  and  shorter 
branches.  At  the  July  examination,  when  the  plants  were  bloom- 
ing, the  fully  irrigated  crop  was  rooted  mostly  in  the  surface  16 
inches  of  soil,  although  a  few  roots  had  penetrated  an  inch  into 
the  third  foot.  The  lateral  spread  was  about  2  feet  on  all  sides 
of  the  hill  as  compared  with  2.5  feet  in  the  dry  land.  The  lightly 
watered  potatoes  had  a  greater  lateral  spread  than  the  fully 
irrigated  ones.  Moreover,  the  second  foot  of  soil  was  occupied 
much  more  thoroughly,  since  more  roots  took  a  vertically  or 
nearly  vertically  downward  course.  Branching  was  more  pro- 
fuse; the  working  level  was  8  inches  deeper  and  the  maximum 
penetration  7  inches  greater.  The  largest  yield,  303  bushels  per 
acre,  was  made  by  the  hghtly  watered  plants  which  had  also  the 
most  extensive  root  systems. 

Other  Investigations  on  the  Potato. — Investigations  at  other 
stations  indicate  that  potatoes  frequently  do  not  extend  so  deeply 
as  pictured  in  Figs.  109  and  110.  This  may  be  explained,  in 
part,  by  the  different  rooting  habits  among  varieties  although 
soil  conditions  are  often  equally  important.  At  Geneva,  N.  Y., 
roots  of  the  White  Star  potato  reached  a  maximum  depth  of  only 
1.6  feet.  The  horizontal  roots,  however,  were  traced  to  a  distance 
of  2.2  to  2.5  feet  from  the  base  of  the  plant.  Most  of  the  roots 
were  in  the  14  inches  of  surface  soil.^*    At  Fargo,  N.  D.,  it  has 
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been  found  that  late-maturing  varieties  root  more  freely  and  more 
deeply  than  early  ones.  For  example,  the  Early  Ohio  variety, 
43  days  after  planting,  had  its  roots  confined  for  the  most  part 
to  8  inches  of  surface  soil,  although  a  few  extended  to  a  depth  of 
1.5  feet,  and  some  of  the  horizontal  ones  reached  a  length  of  2 
feet.  At  maturity,  the  roots  had  penetrated  to  a  depth  of  2.5 
feet.  But  the  Rural  New  Yorker  No.  2,  a  late-maturing  variety, 
reached  a  depth  of  3  feet,  the  lateral  roots  being  well  interlaced 
between  the  hills,  which  were  3  feet  apart.^°^  Investigations  in 
Colorado  have  shown  that,  in  good  soil,  the  roots  will  often  pene- 
trate 2  feet  in  depth  and  extend  laterally  2  to  3  feet.^'^'^  Depths 
of  penetration  of  4  to  5  feet  have  been  reported  for  potatoes 
grown  in  loose  and  well-drained  soils  in  Utah.^^^ 

Experiments  in  which  the  soil  layers,  at  various  depths,  were 
fertilized  with  sodium  nitrate  showed  clearly  that  the  root  growth 
is  markedly  affected  by  the  presence  of  fertilizers.  Whenever  the 
roots  entered  an  enriched  layer  of  soil,  they  branched  much  more 
freely,  while  growth  in  depth  was  considerably  retarded.  In 
most  cases,  the  growing  root  system  was  6  to  8  inches  shorter  in 
the  fertilized  soil,  even  in  mature  plants. 

SUMMARY 

Potatoes  have  a  more  superficial  root  system  than  many  crops 
such  as  corn,  winter  wheat,  sugar  beets,  and  most  legumes.  In 
its  early  growth,  it  is  almost  entirely  confined  to  8  inches  of 
surface  soil.  After  extending  horizontally  to  a  distance  of  1  to 
2  feet  or  more,  the  roots  turn  more  or  less  abruptly  downward  and 
penetrate  the  second  and  third  foot  of  soil.  Roots  may  also  occur 
in  the  fourth  foot.  Branching  is  very  profuse  throughout  the 
root  extent,  and  at  maturity,  laterals  occur  to  the  root  tips. 
Usually  the  branches  are  relatively  short  but  so  numerous  and 
well  rebranched  that  the  absorbing  system  is  very  efficient. 
There  is  some  evidence  which  indicates  that  late-maturing 
varieties  root  deeper  than  early  ones.  Both  depth  of  penetration 
and  lateral  spread,  as  well  as  abundance  and  length  of  branches, 
are  greatly  modified  by  differences  in  the  water  content  and 
fertility  of  the  soil. 


CHAPTER  XVI 
ROOT  HABITS  OF  SUNFLOWER 

During  the  past  decade,  sunflowers  [Helianthus  annuus)  have 
been  frequently  grown  for  silage  in  the  United  States.  Their 
wide  distribution  as  a  weed,  especially  in  the  semiarid  Western 
States,  adds  further  to  the  interest  and  value  of  a  knowledge  of 
their  root  habits.  Plants  of  the  Russian  variety  were  seeded  on 
both  upland  and  lowland  soil  near  Lincoln,  Nebr.,  and  their  root 
habits  studied  at  different  stages  in  their  development. 

Early  Growth. — On  June  2,  when  the  plants  were  about  5 
weeks  old,  they  had  reached  a  height  of  L5  inches  in  the  rich  silt 
loam  of  the  lowland.  The  strong  taproots  penetrated  quite 
vertically  downward  to  a  working  depth  of  18  inches,  some 
extending  slightly  into  the  third  foot  of  soil.  Numerous  rather 
widely  spreading  branches  occurred,  being  especially  abundant  in 
the  surface  6  inches.  These  spread  laterally,  some  nearly  parallel 
with  the  soil  surface,  to  a  maximum  distance  of  about  12  inches. 
The  older  ones  were  well  furnished  with  smaller  branches.  In 
the  drier  and  less  fertile  upland  plots,  the  plants  were  only  10 
inches  tall,  but  here,  also,  the  extent  of  roots  exceeded  that  of  the 
tops,  the  deepest  roots  ending  in  the  clay  subsoil  at  the  15-inch 
level. 

Later  Development. — A  second  examination  was  made  when 
the  crop  was  2.5  months  old.  The  plants,  spaced  only  20  inches 
apart,  had  made  a  vigorous  growth.  They  were  nearly  7  feet 
tall  and  had  a  stem  diameter  near  the  base  of  almost  1.5  inches. 
Each  individual  was  furnished  with  35  to  40  active  green  leaves. 
The  flower  heads  were  fairly  well  formed,  and  a  week  later,  the 
plants  would  have  been  in  bloom. 

The  major  portion  of  the  root  system  is  shown  in  Fig.  111. 
The  roots  occurred  in  such  great  numbers  that  it  was  quite  impos- 
sible to  represent  all  of  them  in  the  drawing  without  confusion. 
Hence,  the  front  portion  of  the  plant,  with  its  accompanj'ing 
roots,  was  removed  before  the  penciled  draft  was  made  in  the 
field.     The  bulk  of  roots  occurred  in  the  surface  1.5  feet  of  soil. 
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The  enlarged  taproot  gave  off  so  many  laterals  and  tapered  so 
rapidly  that,  at  a  depth  of  8  to  10  inches,  it  was  only  4  to  5  milli- 
meters in  diameter  and,  in  fact,  no  larger  than  some  of  the  major 
branches.  The  taproots  penetrated  nearly  straight  downwards 
to  a  depth  of  about  5  feet.  In  the  surface  6  inches  of  soil,  28 
large  laterals  originated.  Some  of  these  ran  obliquely,  at  various 
angles  with  the  taproot,  spreading  rather  widely,  and  reached 
depths  of  2  to  more  than  3  feet.  Numerous  others  took  a  course 
more  or  less  parallel  with  the  soil  surface  and  ran  to  distances  of 
3  to  4  feet,  where  they  ended  in  the  surface  6  inches  of  soil  or, 
more  rarely,  turned  downward.  One  large  lateral  was  traced  to 
a  distance  of  5.5  feet  from  the  base  of  the  plant.  The  main 
laterals  gave  off  few  or  no  large  branches  but  were  thickly  clothed 
with  smaller  ones.  The  surface  10  inches  of  soil,  especially  the 
first  2  feet  on  all  sides  of  the  plants,  were  so  densely  filled  with 
great  masses  of  branched  and  rebranched  roots  of  all  sizes  that 
they  formed  a  complete  network.  Indeed,  a  more  profusely 
developed  absorbing  system  can  scarcely  be  imagined.  The  roots 
were  less  abundant  and  more  poorly  furnished  with  laterals 
below  the  first  foot.  Even  in  the  third  foot,  however,  glistening 
white,  poorly  branched  roots  were  quite  abundant. 

The  vigorous  transpiration  rate  and  the  high  water  requirement 
of  sunflowers  are  well  known,  600  to  700  pounds  of  water  being 
required  to  produce  a  pound  of  dry  matter  aboveground.  A 
single  vigorous  sunflower  plant  may  produce  2  pounds  of  dry  sub- 
stance and  use  150  gallons  of  water. ^^^  A  comparison  of  the  root 
habits  of  corn  (Figs.  84  and  85)  with  those  of  sunflower  shows  that 
the  sunflower  absorbs  water  and  nutrients  from  the  same  soil 
levels  as  the  corn.  In  addition,  the  broadly  expanded  leaves  of 
the  sunflower  shade  the  corn  plant.  Clearly,  there  is  no  place  for 
sunflowers  or  other  weeds  in  cultivated  crops  and  especially  in 
semiarid  regions  where  lack  of  sufficient  water  is  the  chief  limiting 
factor  to  crop  production.  The  results  of  competition  with 
weeds  are  dwarfed  plants  and  decreased  yields. 

Variations  in  Root  Habit  under  Competition. — Roots  of  sun- 
flowers, like  those  of  other  plants,  are  greatly  modified  in  their 
development  as  a  result  of  competition  with  other  species  or 
individuals.  In  one  experiment,  plants  were  grown  2,  8,  and  32 
inches  apart,  respectively,  in  three  different  plots.  Competition 
for  light  occurred  in  all  three  fields,  but  it  started  earlier  and 
was  more  severe  in  the  thicker  plantings.     Repeated  soil  moisture 
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determinations  showed  that  the  more  vigorous,  widely  spaced 
plants  were  drawing  upon  the  soil  moisture  to  a  degree  very 
similar  to  that  of  the  thicker  plantings. 


Fig.   112. — Root  of  mature  sunflower  where  plants  were  spafed  2  inche.s  apart. 


On  July  21,  when  the  plants  were  over  2  months  old,  the  roots 
were  excavated  and  the  data  given  in  Table  1 1  obtained. 
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Fig.   113. — Root  of  mature  sunflower  where  plants  were  spaced  8  inches  apart. 
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Table  11. — Effect  of  Competition 
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A  representative  root  from  each  of  the  thicker  plantings  is 
shown  in  Figs.  112  and  113,  and  Fig.  Ill,  except  for  its  lack  of 
depth  of  both  taproot  and  laterals  and  slightly  greater  lateral 
spread,  is  very  representative  of  the  32-inch  plantings.  This 
illustrates  the  fact  that  rate  of  planting  of  cultivated  plants  or 
their  competition  with  weeds  results  in  pronounced  modifications 
of  both  aboveground  and  belowground  parts.  Ample  develop- 
ment of  roots  as  well  as  tops  is  imperative  for  maximum  yields. 


SUMMARY 

The  sunflower  has  a  pronounced  taproot  which  develops  rapidly 
and  penetrates  nearly  vertically  downward.  Usually,  its  depth 
exceeds  the  height  attained  by  the  plant,  and  this  holds  true  for 
all  stages  of  growth.  Numerous  strong  laterals  appear  early  in 
the  development  of  the  plant.  These  mostly  originate  from  the 
enlarged  portion  of  the  taproot  which  usually  occupies  4  to  6 
inches  of  surface  soil.  Often,  30  to  45  large  laterals  occur  on  a 
single  plant.  These  spread  widely,  usually  2  to  5  feet,  some  run- 
ning in  so  nearly  a  horizontal  direction  that  they  end  in  the  sur- 
face foot  of  soil.  Others  turn  downward  but  seldom  reach  depths 
greater  than  3  to  4  feet.  The  taproot,  however,  clothed  through- 
out with  small  branchlets,  reaches  depths  of  5  to  9  feet.  The 
very  numerous  but  mostly  small  branches  clothing  the  laterals 
furnish  an  extensive  and  efficient  absorbing  system,  especially 
in  the  surface  2  feet  of  soil.  Since  the  same  soil  volume  is  also 
occupied  by  the  roots  of  most  cultivated  plants,  sunflowers  as 
weeds  strongly  compete  with  crops  for  water  and  nutrients.  The 
roots  are  quite  as  much  modified  as  are  the  tops  by  thick  or  thin 
planting. 


CHAPTER  XVII 

METHODS  OF  STUDYING  ROOT  DEVELOPMENT 

The  problem  of  determining  the  position,  extent,  degree  of 
branching,  and  other  root  characters  is  a  pecuharly  difficult  one. 
The  complex  network  of  extensive  roots  and  delicate  rootlets  is 
laid  bare  in  the  soil  or  recovered  from  it  only  with  great  diffi- 
culty. Naturally,  one's  first  thought  might  be  to  wash  away  the 
soil  and  thus  uncover  the  roots.  In  fact,  some  of  the  earlier 
investigators  of  root  habits  followed  this  method. 

METHODS  EMPLOYED  BY  EARLIER  INVESTIGATORS 

Hays*''  (1889),  working  in  Minnesota,  was  able,  by  washing 
away  the  soil,  to  obtain  useful  information  on  the  development 
of  the  roots  of  corn.  Some  time  later  (1892),  King^^i  of  ^yiscon- 
sin  devised  a  method  by  means  of  which  the  roots  were  supported 
more  or  less  in  their  natural  position  after  the  soil  was  washed 
away.  This  consisted  in  isolating  a  prism  of  soil  several  feet 
long  and  1  foot  thick  by  means  of  trenches  dug  around  it  to  a 
depth  equal  to  that  of  the  root  system  (Fig.  1 14) .  The  prism  of 
soil  was  then  fitted  with  a  cage  made  of  galvanized  iron  and 
poultry-wire  netting.  When  this  was  in  place,  sharpened  wires 
were  pushed  through  the  soil  of  the  prism  in  parallel  rows  along 
the  meshes  of  the  netting.  Next,  the  loose  surface  soil  was 
taken  off  and  replaced  by  a  block  of  plaster  of  Paris  which,  when 
it  hardened,  held  the  bases  of  the  plants  in  place.  Finally,  the 
soil  was  removed  from  the  cage  by  a  force  pump  with  a  stream  of 
water  }iq  inch  in  diameter.  The  cross  wires  held  the  roots  in 
position  and  they  were  photographed  through  the  wire  netting 
(Fig.  89). 

Several  investigators  have  used  this  method:  Goff^'  (1897), 
in  Wisconsin,  in  studying  the  root  systems  of  strawberry,  rasp- 
berry, grape,  and  apple;  Ten  Eyck^"^  (1900)  and  Shepperd^*^ 
(1905),  in  investigating  the  root  systems  of  cultivated  plants 
grown  as  farm  crops  in  North  Dakota,  and  Ten  Eyck  (1904)2'»4 
in  similar  studies  in  Kansas. 
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Various  modifications  based  on  this  general  plan  have  been 
used,  in  some  cases  the  amount  of  soil  being  considerably  reduced. 
In  other  instances,  frames  with  supporting  wire  nettings  in  a 
horizontal  position  and  2  inches  or  more  apart  have  been  filled 
with  sifted  soil  after  the  frames  had  been  placed  in  holes  in 
the  soil  just  large  enough  to  receive  them.  Obviously,  leaving 
the  soil  undisturbed  until  the  roots  are  grown  affords  better 
opportunity  for  normal  root  development. 


^ 


Fig.  114. — A  modification  of  King's  method  of  isolating  root  systems  in  the 
field.  The  bases  of  the  plants  are  held  in  place  by  wiring  them  to  narrow  boards 
placed  crosswise  of  the  soil  block  and  numerous  cross-wires  inserted  through  the 
prism  support  the  roots  when  the  soil  is  washed  away.      (After  Edwin  C.  Miller.) 


Miller,  working  in  Kansas,  has  used  rather  extensively  the 
method  devised  by  King,  although  somewhat  modified.  He 
points  out  that  it  is  open  to  criticism,  first,  because  in  order  to  use 
it  with  any  degree  of  satisfaction,  the  prism  of  soil  must  be 
limited  to  about  18  inches  in  thickness,  and  on  this  account,  only 
a  section  of  the  root  system  is  obtained.  Furthermore,  the  main 
roots  of  the  plant  may  not  be  in  the  prism  of  soil  which  has  been 
isolated;  therefore,  when  the  soil  is  washed  away,  only  a  poor 
representation  of  the  root  system  is  obtained.  Finally,  although 
the  primary  roots  of  the  plants  remain  on  the  wires  in  the  same 
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position  that  they  occupied  in  the  soil,  it  is  impossible  to  obtain 
all  of  the  finer  roots  in  their  normal  position.^*"  The  method  is 
apparently  exceedingly  laborious,  a  large  supply  of  water  and 
many  hours  of  washing  being  required  to  remove  the  soil.  The 
problem  of  removing  the  water  from  the  trench  is  also  ordinarily 
a  difficult  one.  Except  in  very  sandy  soils,  the  pressure  of  water 
necessary  to  remove  the  soil  breaks  and  carries  away  many  of 
the  finer  root  branches.  When  wet,  the  roots  and  branches 
cling  together  in  such  a  way  that  it  is  very  difficult  to  get  a  clear 
idea  of  their  number,  position,  extent,  etc.,  unless  they  are 
floated  in  large  trays  of  water. 

THE  DIRECT  METHOD  OF  ROOT  EXAMINATION 

The  following  methods,  used  by  the  writer  and  his  coworkers 
in  the  excavation  of  hundreds  of  root  systems  during  the  past  12 
years,  have  been  found  very  satisfactory.  It  is  for  the  purpose 
of  aiding  those  interested  in  the  study  of  root  habits,  a  number 
that  it  is  hoped  will  become  increasingly  great,  that  these  methods 
are  given  in  detail. 

Selecting  the  Plants. — In  selecting  plants  for  study,  it  is  very 
necessary  to  keep  in  mind  that  competition  has  an  effect  upon  the 
development  of  roots  as  well  as  upon  tops.  Hence,  typical  culti- 
vated plants  surrounded  by  others  of  their  kind  and  planted  at 
the  usual  rate  should  be  selected  rather  than  isolated  individuals. 
It  is  also  very  necessary  to  choose  areas  free  from  weeds.  In 
fact,  it  is  almost  impossible  to  trace  with  accuracy  the  root 
system  of  a  cultivated  plant  in  an  area  infested  with  weeds,  such 
as  the  milkweed  and  dogbane  (Fig.  28).  Where  crops  are  grown 
for  the  purpose  of  root  examination,  the  work  may  be  greatly 
simplified  by  selecting  fields  which  have  been  fallow  and  kept 
free  from  weeds  the  preceding  season.  A  soil  filled  with  living 
roots  of  previous  crops,  such  as  alfalfa  and  sweet  clover,  or  with 
the  roots  of  weeds  makes  root  examinations  very  difficult  indeed. 
In  working  with  native  species,  it  is  the  usual  practice,  where 
possible,  to  select  representative  areas  where  several  individuals 
of  two  or  more  species  may  be  examined  by  excavating  a  single 
long  trench.  Steep  banks,  old  roadside  cuts,  etc.,  should  be 
avoided,  for  it  should  be  clear  that  plants  growing  in  such 
situations  do  not  have  the  normal  root  habit. 

Excavating  the  Trench. — When  the  site  is  selected,  a  trench 
is  excavated  8  to  12  inches  from  the  plants  to  be  examined.     A 
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long  trench  (6  to  12  feet,  depending  upon  the  kind  of  phmts  to  be 
studied)  about  2.5  feet  wide  and  5  to  7  feet  deep  is  most  con- 
venient. The  trench  is  dug  with  vertical  walls,  and  little  or 
no  attention  is  given  to  root  habit  during  the  process.  Even  if 
the  plants  are  only  2  to  3  feet  deep,  a  trench  with  a  depth  of  4 
to  5  feet  is  most  convenient,  since  it  permits  easy  removal  of  the 
soil  from  the  roots.  In  removing  the  soil  in  digging  the  trench, 
care  is  taken  not  to  cover  the  plants.     In  many  cases,  it  is 


Fig.  115. — One  end  of  a  trench  used  in  excavating  root  systems. 

convenient  to  pile  the  soil  in  such  a  manner  that  all  of  the  walls 
of  the  trench  may  be  used  in  excavating  the  underground  parts, 
thus  affording  a  larger  number  of  plants  for  study.  The  size  and 
shape  of  the  trench  varies  somewhat  with  the  soil.  In  very 
sandy  soil,  it  is  necessary  to  have  a  wide  one  to  lessen  the  danger 
of  filling  the  trench  by  caving  in  of  the  walls.  In  fact,  this  is 
often  a  serious  obstacle  in  recovering  deeply  rooted  plants.  On 
the  other  hand,  trenches  only  3  feet  wide  have  been  dug  in  loess 
soil  to  depths  of  15  to  over  20  feet.    In  such  cases,  a  long  trench 
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with  different  levels  is  necessary,  the  soil  being  removed  from 
one  level  to  another  until  it  is  thrown  out  on  the  surface.  Where 
the  field  is  on  a  hillside,  the  trench  is  dug  at  right  angles  to  the 
slope  of  the  hill  and  the  upper  wall  of  the  trench  used  for  root 
examinations  (Fig.  115).  As  one  works  into  the  hillside,  the 
trench  becomes  deeper.  In  excavating  species  with  very  long, 
rather  superficially  placed  laterals  which  extend  8  to  20  feet 
from  the  plant,  such  as  pumpkin,  yucca,  etc.,  small  trenches  only 
18  inches  to  2  feet  deep  may  be  dug  from  the  main  one.  The 
course  of  these  roots  must  be  determined  by  carefully  picking 
away  the  soil,  and  the  lateral  trenches  must  be  sunk  at  the  side 
and  behind  the  partially  exposed  roots. 

Excavating  and  Describing  the  Roots. — There  is  no  easy 
method  of  uncovering  the  root  system,  and  unless  one  is  willing  to 
spend  considerable  time  and  energy,  and  exercise  a  great  deal  of 
patience,  it  is  better  not  to  begin.  But  once  started,  the  work, 
although  difficult,  is  very  interesting  and  in  fact  even  fascinating. 
Only  a  few  tools  and  other  equipment  are  necessary— a  small 
hand  pick  with  a  cutting  edge  on  one  end  and  a  long  narrow 
tapering  point  on  the  other,  an  ice  pick,  a  tape  measure  and  a 
meter  stick,  a  pencil,  a  notebook,  and  drawing  paper.  The 
picks  should  be  kept  bright  and  free  from  rust  so  that  the  soil 
will  not  cling  to  them.  This  is  quite  as  necessary  in  root  excava- 
tions as  a  sharp  knife  in  cutting  microscopic  sections. 

If  the  root  habit  of  the  plant  is  entirely  unknown,  it  is  best  to 
begin  removing  the  soil  from  the  side  of  the  trench  near  the 
surface.  This  should  be  done  very  carefully  and  the  soil  removed 
in  small  amounts  at  a  time,  holding  the  pick  in  a  more  or  less 
vertical  position  with  the  point  upward.  Unless  the  surface 
soil  is  in  good  tilth,  extreme  care  must  be  exercised  or  the  delicate 
roots  will  be  torn  by  the  falling  soil.  Root  branches,  like  stems, 
will  resist  a  much  greater  pull  if  the  strain  is  parallel  to  their 
direction  of  growth  rather  than  at  right  angles  to  it.  Informa- 
tion on  the  general  root  extent  may  be  had  by  rather  rapidly 
following  the  taproots,  or  main  vertical  roots,  if  any,  to  their 
extremities.  This  may  require  the  removal  of  the  loose  soil  and 
the  deepening  of  the  trench.  Until  some  acquaintance  with  the 
structure  of  the  soil  and  the  general  root  direction  is  obtained, 
the  root  is  very  apt  to  be  broken.  In  such  cases  the  broken  end 
may  usually  be  recovered  with  absolute  certainty  only  in  the 
deeper  soil  where  other  roots  do  not  occur.     It  is  better  to  begin 
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again  with  another  plant.  After  some  practice,  however,  even 
very  brittle  roots  with  a  tortuous  course  can  be  uncovered.  It 
is  never  safe  to  follow  a  main  root  or  lateral  until  it  becomes  very 
small  in  diameter  and  then  estimate  the  remainder  of  its  length. 
Frequently,  such  roots,  after  running  for  several  inches,  become 
larger  in  diameter,  branch  profusely,  and  sometimes  continue 
their  course  for  many  feet.  There  is  no  relation  between  root 
diameter  and  depth  of  penetration.  The  only  method  insuring 
certainty  is  to  recover  the  root  ends  with  root  caps.  The  growing 
tips  are  usually  enlarged,  light  in  color,  and  plainly  visible. 

If,  from  studies  of  the  plant  in  earlier  stages  of  development, 
the  general  root  habit  is  known,  much  time  and  labor  may  be 
saved  by  examining  the  deeper  portions  of  the  root  system  first. 
Maximum  depth,  working  level,  and  the  details  of  branching  of 
the  deeper  roots  (which  are  usually  relatively  simple)  may  be 
obtained  before  the  trench  is  half  filled  by  removing  the  soil  from 
the  shallower  portions.  Moreover,  in  most  cases,  roots  are 
much  more  easily  excavated  from  the  deeper  soil  than  from  the 
first  2  or  3  feet.  This  results,  in  part,  from  differences  in  soil 
texture  as  well  as  from  the  relatively  fewer  roots  and  their  less 
extensive  branching.  Frequently,  the  deeper  soil  may  be  picked 
away  in  such  a  manner  that  the  main  root  and  all  its  branches  are 
plainly  in  view  throughout  a  distance  of  several  feet.  If  the 
soil  has  a  jointed  structure,  branching  is  very  often  entirely  in 
one  plane  in  the  joints.  This  affords  an  excellent  opportunity 
for  exact  counts  as  to  the  number,  size,  extent,  degree  of  branch- 
ing, etc.,  as  well  as  for  drawing.  The  moist  soil  keeps  the  roots 
from  drying  for  a  considerable  period.  In  this  connection,  it 
may  be  said  that  where  convenient,  the  trenches  should  be  dug 
in  such  a  manner  that  the  sun's  rays  do  not  strike  the  roots 
directly.  Not  only  do  they  remain  fresh  for  a  longer  time,  but 
the  diffuse  light  afforded  for  careful  examination  is  much  better 
than  direct  sunlight. 

Several  of  the  main  lateral  branches  should  be  followed  in  a 
similar  manner,  selecting  first  those  that  do  not  penetrate  so  far 
into  the  trench  wall  that  other  branches  are  destroyed  in  excavat- 
ing them.  With  careful,  painstaking  study,  especially  after 
considerable  experience  has  been  obtained  by  practice,  what  at 
first  may  seem  like  a  tangled  root  mass  begins  to  unfold  into  a 
more  or  less  definite  pattern — that  of  the  particular  species  or 
variety  of  plant  concerned. 
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When  the  depth  of  the  roots  of  several  plants  has  been  deter- 
mined and  the  general  direction  and  greatest  extent  of  the  laterals 
are  known,  enough  details  will 
have  been  observed  so  that  a 
mental  picture  of  the  root  habit 
may  be  obtained.  It  remains 
now  to  depict  this  in  a  working 
description  made  in  the  trench 
with  the  exposed  roots  at  hand. 
In  the  making  of  this  descrip- 
tion, numerous  questions,  call- 
ing for  further  examination,  will 
arise.  Such  a  description  should 
include,  among  other  things,  the 
number  of  main  roots  (or 
branches  from  a  taproot);  their 
diameters;  how  rapidly  they 
taper;  the  exact  course  they  take 
through  the  soil;  the  average  (as 
well  as  the  minimum  and  maxi- 
mum) number  of  branches  per 
inch  of  main  root  at  various  places 
throughout  their  course ;  the  diam- 
eter, length,  and  degree  of  branch- 
ing, as  well  as  the  directions  pur- 
sued by  these  laterals;  the  work- 
ing depth,  i.e.,  average  depth  to 
which  many  of  the  roots  penetrate 
and  to  which  depth  much  absorp- 
tion occurs;  maximum  depth  of 
penetration;  peculiarities  of  root 
characters;  etc.  When  the 
description  is  completed,  it  should 
be  tried  on  other  plants  as  yet 
undisturbed  in  the  trench  walls, 
and  any  marked  variations  noted. 
Such  methods  are  a  great  aid  to 
exact  observation  and  promote  a 
high  degree  of  accuracy  in  the 
work,  for  if  any  point  regarding  the  root  habit  remains  indefinite, 
opportunity  is   offered  for  further   study.     In   following   root 


Fig.  116. — Portion  of  a  root  of 
corn  floated  in  a  tray  of  water, 
showing  detail  of  branching. 
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branches,  it  is  frequently  necessary  to  complete  the  study  and 
description  of  those  near  the  trench  wall  before  cutting  fur- 
ther back  to  secure  the  remaining  ones.  The  positions  of 
laterals  detached  in  this  process  should  be  plainly  marked 
by  means  of  wooden  pegs  or  otherwise,  so  that  they  may 
be  excavated  after  the  root  in  hand  has  been  followed  to 
its  end.  Sometimes,  it  has  been  found  advantageous,  where 
the  roots  are  especially  numerous,  to  extract  root  portions  and 
float  them  in  trays  of  water  lined  with  black  paper  for  root  counts 
and  examination  of  minute  branching  (Fig.  116).  In  all  cases, 
the  trench  wall  should  be  at  least  12  inches  deeper  than  the  root 
being  excavated.  The  soil  crumbles  away  and  falls  from  the 
pick  with  far  less  danger  of  breaking  the  roots  than  where  the 
root  is  entirely  surrounded  with  soil.  Under  the  latter  condition, 
satisfactory  excavation  is  impossible. 

The  ease  or  difficulty  with  which  a  root  system  may  be  recov- 
ered depends  to  a  considerable  extent  upon  the  texture  and 
water  content  of  the  soil  and  also  upon  the  nature  and  length  of 
the  roots  themselves.  The  amount  of  time  necessary  depends, 
of  course,  upon  the  extent  and  complexity  of  the  root  system  as 
well  as  upon  the  experience  of  the  investigator.  Only  a  few  hours 
may  suffice  for  a  thorough  examination  of  a  plant  in  its  early  state 
of  development,  but  a  very  extensive  root  system  may  engage 
the  attention  of  two  or  three  persons  for  several  days.  In 
general,  the  roots  of  perennial  native  species  are  less  fragile  and 
are  often  more  easily  uncovered  than  those  of  cultivated  plants, 
although  great  variation  has  been  found  in  both  groups.  Under 
no  conditions  should  root  descriptions  be  made  elsewhere  than  in 
the  trench  or  the  w^ork  concluded  until  several  plants  of  the  species 
have  been  carefully  examined  and  a  typical  root  system  completely 
described  and  preferably  drawn. 

Photographs  and  Drawings. — Working  in  soils  of  different 
textures,  etc.,  throughout  a  wide  range  of  habitats  usually  makes 
it  possible  to  find  conditions  under  which  a  root  system  may  be 
excavated  and  removed  from  the  soil  practically  in  its  entirety. 
Many  such  specimens  arranged  on  appropriate  backgrounds 
have  been  photographed  or  preserved  (Figs.  20,  107).  Aside  from 
this  procedure  being  very  difficult  and  time  consuming,  certain 
other  objections  may  be  mentioned.  In  a  root  system  that  is  at 
all  extensive,  details  are  lost  in  reducing  it  to  the  size  of  the 
photographic  film  or  plate.  Invariably,  many  of  the  finer 
branches  and  root  ends  are  obscured.     Moreover,  all  of  the  deli- 
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cate  rootlets  and  even  some  of  considerable  size  dry  and  wither 
when  the  plant  is  taken  from  the  moist  soil.  It  is  only  rarely 
that  a  root  can  be  photographed  in  place,  conditions  being  most 
favorable  when  the  branches  are  coarse  and  the  color  of  the  root 
contrasts  more  or  less  strikingly  with  that  of  the  soil.  Fre- 
quently, portions  of  root  systems  may  thus  be  shown  to 
considerable  advantage  (Figs.  37,  96). 

A  more  satisfactory  method  is  to  draw  the  roots  on  a  large  scale 
in  the  field.  A  scale  of  4  inches  to  1  foot,  i.e.,  a  reduction  of  two- 
thirds,  is  usually  sufficient  to  permit  the  picturing  of  even  the 
finest  branches.  Such  a  drawing,  retraced  in  India  ink,  can  be 
greatly  reduced  in  the  engraving.  Where  the  root  system  exceeds 
4  to  5  feet  in  extent,  a  smaller  scale  is  necessary.  A  usual  one  for 
mature  plants  is  2  inches  to  the  foot.  Penciled  drawings  are 
made  in  the  field  simultaneously  with  the  excavation  of  roots  and 
always  to  exact  measurements.  In  the  drawings,  the  root 
systems  are  arranged  as  nearly  as  possible  in  the  natural  position 
in  a  vertical  plane;  that  is,  each  root  is  placed  in  its  natural 
position  with  reference  to  the  surface  of  the  soil  and  a  vertical  line 
from  the  base  of  the  plant.  In  a  few  cases,  roots  have  been  so 
abundant  that  only  half  of  the  root  system  was  shown.  The 
drawing  paper  should  be  ruled  in  squares  and  mounted  on  a 
board  of  convenient  size  so  that  it  can  readily  be  taken  into  the 
trench  when  necessary.  Two  persons  to  excavate  the  roots,  each 
with  the  advantage  of  having  his  findings  checked  by  the  other,  a 
third  to  record  the  notes,  and  a  fourth  to  draw  the  root  system, 
greatly  accelerate  progress.  In  every  case,  it  is  sought  to  repre- 
sent the  typical  root  condition  rather  than  the  extreme.  Such 
drawings,  carefully  executed,  represent  the  extent,  position,  and 
minute  branching  of  the  root  system  even  more  fully  and  accu- 
rately than  a  photograph. 

In  certain  plants,  like  cacti,  pumpkin,  or  even  corn,  where  many 
of  the  roots  run  horizontally  in  the  surface  soil,  drawings  in  the 
horizontal  plane  showing  the  appearance  of  the  roots  upon  the 
removal  of  the  surface  soil  are  instructive  (Fig.  44).  Combina- 
tions of  the  two  methods  might  be  used  advantageously  for 
many  species.  Sometimes,  the  relation  of  roots  to  tops  may  be 
shown  conveniently  by  carefully  dissecting  out  all  of  the  roots  in  a 
4-inch  vertical  layer  of  soil  in  the  wall  of  a  trench  and  illustrating 
them  and  the  tops  by  photographs  or  drawings.  This  bisect 
method  shows,  in  a  striking  manner,  the  interrelations  of  under- 
ground and  aboveground  parts  of  the  same  or  different  species.^^^ 
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Absorbing  area 

of  alfalfa,  50,  51 

of  wheat,  153,  154,  155 
Absorption 

affected  by  temperature,  23 

amount,  20 

area  of,  increased,  64 

Vjy  portion  of  root  sj-stem,  71 

conditions,  23 

depth,  55 

factors  affecting,  22,  23 

forces  concerned,  21,  22 

from  dry  soil,  22 

from  incomplete  nutrient  solution, 
71 

indicated  by  root  system,  58 

limited  to  root-hair  zone,  45 

loss  of  power,  45 

nutrients,  13,  23 

nutrients  from  subsoil,  56,  57,  70 

process,  21 

selective,  60 

water  by  corn,  20 

water  from  subsoil,  55,  57 
Acid  soil,  83 

adaptation  of  roots,  83,  84 

cause,  15 

corrected,  15 

crop  production,  85 

effect  on  plants,  15 

effect  on  roots,  86 
Acids  in  soil,  4;  see  also  Acid  soil 

origin,  10 
Adventitious  roots,  33,  35 
Aerating  system  of  roots,  39 
Aeration;  see  also  Soil  air 

affected  by 

alfalfa  roots,  218,  227 

animals,  8 

soil  structure,  6 

soil  temperature,  25,  86 


Aeration  affecting  root  penetration 
of  beets,  211 
in  relation  to 

barley  roots,  178 
disease,  88 
root  hairs,  44 
of  nutrient  solution,  30 
results  of  poor,  4,  29 
Aerotropism,  88 
Agropyron  smithii,  119,  120 
Agrnpyron  spicatum,  131 
Agrostis  canina,  204 
Agrostis  vulgaris,  204 
Air  of  soil ;  see  Soil  air 
Alfalfa,  34,  215 

adaptation  to  drought,  228 
affecting 

aeration  of  soil,  227 
soil  productivity-,  238 
soil  structure,  238 
area  of  roots  and  tops,  50,  51 
center  of  production,  93 
common,  215 

correlation  of  age  and  depth,  226 
crown,  227 
cutting    and    root    gro^\^;h,    226, 

229 
cutting  and  vigor,  229 
depth  of  soil,  227 
early  root  habit 

month-old  plants,  215 
63-day-old  plants,  215,  216 
effect  on  soil,  228 
environment  and  root  habit,  218, 
219,  220,  221,  222,  223,  226 
Grimm,  227 

growth  in  low  oxygen  supply,  30 
growth  in  subsoil,  58 
growth  under  irrigation,  62 
hardpan  and  root  penetration,  226 
in  alkali  soil,  84,  85 
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Alfalfa,  in  mixed  prairie,  131 
in  short-grass  plains,  65 
length  of  life,  215 
maximum  depth,  227 
midsummer  growth,  215,  216 
nitrogen  relation,  239 
nodules,  87,  215,  221 
other  investigations,  226,  227 
pounds  roots  per  acre,  238 
propagation,  228 
resistance   to   cold    and    drought, 

228 
rhizomes,  215,  227,  228 
root  area,  65 
root  habits,  215-230 
root  habits  and  crop  production, 

227 
root  size,   composition,   and  pro- 
ductivity, 228 
seed  bed,  227 
summary,  229 
Turkestan,  227 
two-year-old,  216,  217,  218,  219, 

220 
under  irrigation  and  in  dr^y  land, 
221 
conditions  for  growth,  221,  222, 

223 
early  development,  221 
midsummer  growth,  222 
two-year-old  plants,   224,   225 
year-old  plants,  223,  224 
variegated,  215 
varietal  differences  in  root  habit, 

227 
winterkilling,  227,  228 
without  irrigation,  93 
yellow-flowered,  215,  227 
Alkali,  14 
AlkaU  soil,  83 

adaptation  of  roots,  83,  84,  85 
effect  on  roots,  84,  85 
Almond,  74 

Alopecurus  pratensis,  204 
Ammonification,  10 
Amorpha  canescens,  101 
Andropogon  furcatus,  96,  97 
Andropogon  hallii,  125,  128 
Andropogon  nutans,  96,  97 


Andropogon    scoparius;    see    Little 
bluestem 

Andropogon  sorghum;  see  Sorghum 

Animals 

modifying  soil  aeration,  8 
modifying  soil  structure,  7,  8 
role  in  soil  formation,  4 

Apocynum  androsaemifolium,  83,  84 

Apple,  73,  76 

Aragallus  lambertii,  116,  125 

Aristida  purpurea;  see  Wire  grass 

Aster  multifiorus,  103,  106 

Asters,  125 

Astragalus  crassicarpus;  see  Ground 
plum 

Avena  elatior,  204 

Avena  sativa,  see  Oats 

Bacteria    of    soil;    see    also    Micro- 
organisms 

activities     modified     by    acidity, 
4,  15 
drought,  223 
straw  mulch,  11 

food  for  protozoa,  11 

growth  promoted,  75 

humus  formation,  5,  9 

nitrifying,  10,  11,  53 

nitrogen  fixing,  11 

number,  10 

producing  acids,  4,  10 

relation  to  soil  temperature,  25 

respiration,  4 

sulphur,  53 
Baptisia  bracteata,  101 
Bark  of  roots,  47 
Barley 

absorption  of  nutrients,  13,  56,  57 

absorption  of  water  from  subsoil, 
55,  56 

center  of  production,  93 

fertilizers  and  yield,  57 

in  nutrient  solution,  69 

in  root  rotations,  78 

root  habits,  175-179 
Barley,  Manchuria,  175 

differentiation  of  root  system,  177, 
178 

early  development,  175,  178 
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Barley,   Manchuria,  effect  of  ferti- 
lizers on  roots,  177,  178 

mature  root  system,  176 

root  habit  compared,  175,  176 

root  variations  under  different 
soils  and  climates,  176,  177, 
178 

roots  of  half -grown,  175,  178 

summary,  179 

time  of  maximum  root  develop- 
ment, 176 
Bast  fibers,  40,  41 
Beard  grasses;  see  Andropogon 
Beet;  see  Sugar  beet 
Bent  grass,  204 
Beta  vulgaris;  see  Sugar  beet 
Big  bluestem  96,  97 
Blazing  star,  103,  104 
Blow-out  grass,  125,  127 
Blue  grama  grass,  110,  111,  122 
Bluegrass,  201 

adaptation  to  grazing,  203 

behavior  during  drought,  203 

competition  of,  203 

first  season's  growth,  202 

mature  roots,  202 

rhizomes,  201 

root  habits,  201-203 

summary,  203 

variation  in  root  habit,  202 
Bluestem;  see  Andropogon 
Bog  plants  and  aeration,  30 
Bouieloua  gracilis;  see  Blue  grama 

grass 
Bouteloua  hirsuta,  see  Hairy  grama 

grass 
Brace  roots,  33,  184,  185,  186 
Brauneria  pallida,  103 
Brome  grass,  198,  199 
Bromus  inermis;  see  Brome  grass 
Brown  weed,  125,  126 
Buffalo  grass,  110,  112 

in  mixed  prairie,  118,  122,  123 
Bulbilis  dactyloides;  see  Buffalo  grass 
Bush  morning  glory,  129 

Cabbage,  72,  88,  89 
Cabbage  yellows  and  temperature, 
27 


Cacti,  114,  125,  261 

distribution  and  temperature,  25 

plasticity  of  roots,  87 

root  habit,  temperature  and  aera- 
tion, 87 

soil  aeration,  25,  30 

temperature  for  root  growth,  24 
Calamovilfa  longifolia,  82 
Calcium,  227 
Calyptra;  see  Root  cap 
Cambium,  45,  46,  47 
Capillary  water,  17 
Carbon  dioxide  in  soil  air,  3,  31 

amount,  4 

origin,  4,  30,  31 
Carbonate  layer,  116 

affecting  root  depth,  165 

in  mixed  prairie,  119 

origin,  110,  112 
Carbonation  in  soil  formation,  2,  3,  4 
Carex,  122 
Car  ex  filifolia,  122 
Cell  sap,  22,  37 
Central  cylinder;  see  Stele 
Chaparral,  79 

Climate,  effect  on  soils,  1,  9 
Clover,  231 

absorption  of  nutrients,  13 

center  of  production,  93 

importance,  231 

in  mixed  prairie,  131 

in   relation  to   productivitj',    238 
soil  structure,  238 

nodule  growth,  87 

pounds  roots  per  acre,  238 

root  rot,  88 
Colloids  in  plants,  22 
Colloids  in  soil;  see  Soil 
Comanche  cactus,  114,  116,  116 
Competition 

among  sunflowers,  249,  252 

bluegrass,  203 

chaparral  and  pine,  79 

effect  on  roots,  65 
roots,  78 
trees  with  grass,  79 

sunflowers  and  corn,  249 

thinning  beets,  212 
Coralberry,  132 
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Cork,  41 

cambium,  47 

cells,  45,  47 
Corn,  180,  261 

absorbing  area,  50 

absorption  of  nitrates,  57 

absorption  of  water,  20,  56 

brace  or  prop  roots,  184,  185,  186 

cause  of  differences  in  roots,  191 

center  of  production,  98 

competition  with  sunflowers,  249 

cultivation,  184 

deep  cultivation  and  yield,  185 

detail  of  root,  259 

development  of  root  hairs,  43,  44 

duration  of  root  hairs,  44 

early  development,  180 

effect  of  seed  bed,  31 

effect  of  weeds,  185 

extent  of  roots,  48 

growth  in  low  oxygen  supply,  86 

growth  in  low  temperature,  86 

growth  in  marshes,  64 

growth  in  subsoil,  58 

growth  with  other  crops,  78 

hill  fertilizing,  71 

hilling,  185 

in  mixed  prairie,  131 

in  surface-subsoil  mixture,  77 

in  wire-grass  land,  117 

inbred  strains,  191 

Iowa  Silver  Mine,  180 

late  tillage,  185 

lateral  spread,  184 

length  of  branches,  50 

listing  and  drought,  185 

main  lateral  roots,  181,  184 

main  vertical  roots,  181,  184 

mature  root  system,  183 

maximum  penetration,  184 

midsummer  growth,  181,  182 

Minnesota  No.  13,  186 

number  of  roots  and  branches,  50 

origin  of  roots,  180 

other  investigations,  190,  191 

overlapping  of  roots,  181 

planting,  180,  181,  186 

rate  of  growth,  47 

rolling  of  leaves,  22 


Corn,  root  area,  64 
root  competition,  186 
root      growth      compared      with 

sorghum,  65 
root  habits  in  relation  to  tillage, 

181,  184 
root  system,  180-191 
root      system      compared      with 

sorghum,  65,  195 
"root  tracks,"  4 
roots  and  tobacco,  80 
roots  of  inbred  strains,  59 
roots   under   increased    precipita- 
tion, 190 
yield,  190 
seedling  development  and  disease, 

26,  27 
selective  absorption,  60 
soil  volume  occupied,  184 
summary,  191 

temperature  for  germination,   24 
temperature  of  transpiring  leaves, 

16 
transpiration,  183 
variation  in  absorbing  area,  50 
variation  in  branching,  50 
variation    in     root    habit     under 
irrigation,  186,  187 
conditions  of  growth,  186 
early  development,  186,  187 
mature  root  system,  188 
midsummer    root    habits,    188, 

189 
yield,  190 
weight  of  roots  and  tops,  50 
Correlation 

age  and  depth  in  alfalfa,  226 
between  roots  and  shoots,  54,  62, 

73,  74 
cutting  and  root  growth,  226,  229 
lack  of,  74 

root  development  and  yield,  63,  64 
root  habit  and  water  content,  92 
root   submergence   and   death   of 

tops,  63 
roots  and  tops  of  potato,  245 
Corrosion  of  rock,  2 
Cortex,  36,  38 
deterioration  of,  147 
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Cortex,  functions,  40 

secondary,  47 
Corylus  americana,  132 
Cotton 

growth  of  roots,  86,  87 

in  alkali  soil,  85 

root  aeration,  63 
Cover  crops,  77,  78,  79 
Crop  rotation,  14 

clover  in,  231 

legumes  in,  239 

mixed,  78 

root  change  in,  77,  78 
Cultivation 

effect  on  root  habit,  76 

effect  on  weeds,  185 

effect  on  yield,  76,  185 

hilling,  185 

in  relation  to  drought,  77 
position  of  roots,  79 
root  habit  of  sugar  beet,  212, 

213 
root  physiology,  75 
roots  of  the  Osage  orange,  76 
soil  structure,  7 
yield  of  potatoes,  243 

lack  of,  and  root  growth,  76 

late,  185 

listing  and  drought,  185 

of  corn,  185 

of  potatoes,  241,  242 

purpose,  54 

relation  of  roots,  72 

shallow  compared  to  deep,  185 

time  and  root  growth,  73 

value,  15,  75,  184 
Currant,  73 

Dactylis  glomerata;  see  Orchard  grass 
Darwin,  8 

Decomposition  of  rock,  2 
Dermatogen,  38 
Disease,  87 

cabbage  yellows,  89 

club  root  of  cabbage,  88 

flax  wilt,  89 

physiological,  88 

pine  needle  shedding,  88 

relation  to  root  development,  87 


Disease,  relation  to  soil  temperature, 
26,27 

resistance    and    environment,    90 

root  rot  of  clover,  88 

root  rot  of  tobacco,  88 

soil-borne,  27 

Texas  root  rot  of  cotton,  89 

"water  stress"  of  cotton,  88 

wilt  of  indigo,  88 
Dogbane,  83,  84 
Drainage,  effect  on  root  habit,  64 

Earthworms, 

affecting  soil  structure,  8 

affecting  soil  tilth  and  aeration, 
7,  8,  218 

number,  8 
Elymus  canadensis,  99 
Endodermis  39,  41,  42,  46 
Enzymes,  42 
Epidermis,  38,  44 
Erosion,  16,  81,  82,  83 
Evaporation 

affecting  water  absorption,  20,  21 

relation  to  precipitation,  16 

False  boneset,  67,  103 
False  indigo,  101 
Fertilizer;  see  also  Manure 

absorption  from  subsoil,  58 

and  root  stratification,  68 

depth,  effect  on  yield,  57,  69 

effect  on  root  habit,  66,  69,  70 

in  hill,  71 

subsurface  application,  70 

time  of  application,  yield,  69 

value,  80 
Festuca  elatior;  see  Meadow  fescue 
Festuca  ovina,  204 
Fibrous  roots,  33 
Fibrovascular  bundle,  45 
Field  peas,  nodule  growth,  87 
Flax 

center  of  production,  93 

in  root  rotations,  78 

wilt,  89 

wilt  and  temperature,  27 
Food 

conduction,  38,  40 
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Food,  storage,  40 

Fragmentation  of  rocks,  2 

Fruit  trees  and  shrubs,  and  forests, 

93 
Fungi;  see  also  Microorganisms 

affecting  humus  decay,  5,  9 

causing  plant  disease,  27 

depth  in  soil,  10 

number  in  soil,  10 

Germination  and  temperature,  24 

Gleditsia  triacanthos,  48,  49 

Glycyrrhiza  lepidota,  101 

Goff,  253 

■Goldenrods,  125 

Grasses 

and  soil  erosion,  81,  82 

competition  with  trees,  79 

effect  on  productivity,  204,  205 

effect  on  soil  structure,  109,  204, 
205 

effect  on  subsoil,  204,  205 

mixtures,  78 

rate  of  root  growth,  47,  48,  99 

root   development   of   cultivated, 
198,  203 

roots  of,  grazed,  73 

roots  of,  mowed,  73 
Grassland 

area,  93 

cereal  production  in,  93 

communities,  94 

Pacific  Northwest,  131 

root  studies  in,  94 
Gravitational  water,  16 
Green  ash,  68 

Ground  plum,  101,  116,  125 
Growth 

affected  by  soil  temperature,  86 

affected    by    soil    water,    20,    21 

apple  roots,  73 

in  diameter,  45 

rate  in  corn,  47 

rate  in  grasses,  47,  48 

rate  in  potato,  47 

rate  in  squash,  48 

rate  in  wheat,  47,  48,  151 

red  currant  roots,  73 


Growth,  resumption  in  wheat,  152 

seedlings,  53 

temperatures,  86 
Gutierrezia  sarothrae,  126 

Hairy  grama  grass,  112,  122 
Hard  pan 

affecting    root    penetration,     226 

carbonates  and  colloids,  19 

caused  by  alkali,  14 

effect  upon  root  habits,  19 

formed  by  cultivation,  79 

in  relation  to  roots  of  sugar  beet, 
213 

origin,  110 
Hays,  253 
Hazel,  132 

Helianthus  annuus;  see  Sunflower 
Heredity 

corn,  58,  59,  60 

mangels,  61 

root,  58,  60 

sugar  beet,  61 
Honey  locust,   extent  of  roots,  48, 

49 
Hordeum  vulgare;  see  Barley 
Hubam  clover,  238 
Humus 

amount,  9 

and  water  content,  8,  17 

decay  and  temperature,  25 

decay  in  acid  soil,  15 

dissolved  by  alkali,  14 

effect  on  productiveness,  8 

effect  on  root  growth,  68,  69 

effect  on  soil  structure,  7,  8,  9, 
205 

end  products  formed,  9 

formation,  9,  10 

importance,  10 

nature,  8 

organisms  concerned,  8,  10 

origin,  8,  9 
Hydration  in  soil  formation,  2,  3 
Hydrogen-ion  concentration,  15 

effect  on  roots,  86 
Hygroscopic  coefRcient,  17,  19,  20 
Hygroscopic  water,  17 
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Indian  grass,  96,  97 
Indicator  vegetation,  14,  92 

grassland,  93,  94,  132 

grasslands  of  northwest,  131 

mixed  prairie,  129,  132 

short-grass  plains,  116,  129,  132 

shrubs,  132 

tall-grass  prairie,  108,  132 

western  wheat  grass,  119 

wild  alfalfa,  116,  117 

wire  grass,  114 

woodland,  93 
Intercellular  spaces,  39 
Intercropping   and   root   depth,    77, 

78,79 
Intertillage;  see  Cultivation 
Ironweed,  83 
Irrigation 

affecting  alkali,  85 

effect  on  root  habit,  62,  63,  79 

excess  injurious,  63 

number  of,  and  yield,  63 

June  grass,  99,  100 
in  mixed  prairie,  125 

Kafir,  Blackhull,  root  system,  65 
Kentucky  bluegrass ;  see  Bluegrass 
King,  253,  254 

Koeleria  cristata;  see  June  grass 
Kuhnia  glutinosa,  67,  103 

Lateral  roots,  41,  42 

development,  33,  42,  43 

direction  of  growth,  43 

emergence,  42 

number  of  rows,  42 

origin,  41,  42 

relation  to  elongation,  42 

structure,  42 
Lemon  in  alkali  soil,  85 
Liatris  punctata,  103,  104 
Liebig,  66 

Lime  and  hardpan,  226 
Lime,  effect  on  plant,  15 
Lime  requirement,  85 
Listing  and  drought,  185 
Little  bluestem 

in  mixed  prairie,  120,  121 


Little  bluestem,  in  sand  hills,  125 

in  tall-grass  prairie,  96,  97 
Loam,  6,  18 
Loco  weed,  116,  125 
Lupinus  albus,  42 

Maize;  see  Corn 
Manure;  see  also  Fertilizers 
added  by  legume  roots,  238 
barley  roots,  response  to,  178 
effect  on  hardpan,  226 
green,  12 
Many-flowered  aster,  103,  106 
Meadow  fescue,  200,  201 
Meadow  foxtail,  204 
Mechanical  analyses  of  soil,  6,   17, 

18 
Medicago  falcata,  215 
Medicago  sativa;  see  Alfalfa 
Medullary  or  pith  ray,  45,  46 
Melilotus    alba;    see     White    sweet 

clover 
Meristem,  35,  36 
Mesquite,  30 

Methods  of  studying  root  develop- 
ment, 253 
bisect,  261 
difficulty,  253 
direct  method,  255 
excavating  and  describing  roots, 
256,  257 
equipment,  257 

examining  deeper  portions,  258 
making  descriptions,  259 
precautions,  258 
root  counts  and  minute  branch- 
ing, 259,  260 
time,  260 

verifying  descriptions,  259 
excavating  trench,  255,  257 
isolating  soil  prism,  253,  254,  255 
of  earlier  investigators,  253 
photographs   and   drawings,    260, 

261 
washing  away  soil,  253 
wax  seal,  55,  56,  57 
Microorganisms;  see  also  Bacteria  of 
soil,  and  Fungi 
affected  by  straw  mulch,  11 
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Microorganisms,  causing  disappear- 
ance of  humus,  9 

causing  humus  formation,  8,  9 

energy  materials  of,  9 

importance,  10,  12 
Milk  pink  (Lygodesmia),  125 
Miller,  254 

Millet,  center  of  production,  93 
Milo,  dwarf,  65 
Missouri  goldenrod,  103 
Mixed  prairie,  94,  118 

climate,  119 

conditions  indicated,  129 

depth  of  roots,  119,  129,  131 

dominant  species,  119 

nature  of  vegetation,  118 

range,  118 

soil  analyses,  17,  18 

soil  environment,  119,  122,  129 

soil  temperature,  growing  season, 
24 

water  content,  growing  season,  20 
"Mother  beet"  roots,  213 
Muhlenbergia  gracillifna,  113 
Muhlenberg's  ring  grass,  113 
Mulch 

fruit  tree  roots  under,  76 

straw,  11,  76 

Native  vegetation 

adapted,  92 

indicating  crop  behavior,  92 

requirements,  92 
Needle  grass,  120,  121 
"Nigger  wool,"  122 
Nitrates  in  soil 

absorption,  23,  56,  57 

amoimt  added,  11 

effect  on  barley  roots,  177 

effect  on  potatoes,  246 

effect  on  roots,  57,  66,  69,  79 

effect    on    wheat    production,    13 

effect  on  yield,  57,  69 

experiments  with,  56 

fixation  and  temperature,  25 

in  relation  to  bacteria,  10 

in  relation  to  time  of  ripening,  56 

leaching,  11 

leaching  into  subsoil,  58,  70 


Nitrates  in  soil,  reduced  by  mulching, 

11 
Nitrification,  10 
Nitrogen 

absorption,  71 

content  of  soil  increased,  239 

effect  on  root  development,  74,  75 

effect  on  shoot  growth,  75 

in  red  clover,  238 

leaching,  58 

of  grain,  increased,  57 
Nobbe,  162 
Nodules  on  roots 

affected  by  soil  moisture,  57,  222, 
223 

affected  by  soil  temperature,  87 

alfalfa,  215,  221 

sweet  clover,  235,  236 
Nutrients  in  soil;  see  also  Fertilizers 

absorbed  by  barley,  13 

absorbed  by  clover,  13 

absorption,  23 

from  subsoil,  101 

importance,  13 

loss  by  cropping,  13 

loss  by  leaching,  12,  13,  14 

movement  to  absorbing  surfaces, 
22 

returned  to  soil,  14 

Oats,  167 

center  of  production,  93 

in  root  rotations,  78 

root  habits,  167-174 

root     variation     under     different 

soils  and  climates,  171,  172 
summary,  174 

variations    in    roots    of    different 

varieties,  172 

relation  to  ripening,  174 

Swedish  select,  173,  174 

University  No.  21,  172 

Oats,  white  Kherson,  21,  34,  167 

early  root  development,  167 

45-days-old,  167,  168 
early  root  development,  30-days- 

old,  167 
half-grown,  168,  169 
mature  root  S3^stem,  170,  171 
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Onion  smut,  27 

Opuntia,  and  aeration,  30 

Opuniia  catnanchica;  see  Comanche 

cactus 
Opuntia  versicolor,  87 
Orange  in  alkali  soil,  85 
Orchard  grass,  199,  200 
Organic  matter;  see  Humus 
Osage  orange,  76 
Oxidation,  2,  3 

ammonia,  10,  53 

biochemical,  29 

humus,  9 

hydrogen  sulphide,  53 

nitrites,  10 

soil  formation,  3 

Panicum    virgaturn;   see   Tall   panic 

grass 
Parenchyma,  36,  37,  39 
Passage  cells,  39,  41 
Pasture  grasses,  198 
Peach  in  alkali  soil,  85 
Penstemons,  129 
Periblem,  38 

Pericycle,  39,  42,  45,  46,  47 
Phalaris  arundinaceae,  204 
Phellogen,  47 
Phleum  pratense,  204 
Phloem,  39,  41,  46 

secondary,  45,  46 
Phosphates 

absorption,  57,  71 

affecting  barley  roots,  177,  178 

affecting  root  growth,  160,  161 

affecting  root  penetration,  69 

effect  on  yield,  57 

lateral  diffusion,  72 
Phosphoric    acid    in    clover    roots, 

238 
Phosphorus,  228 
Pine 

Monterey,  79 

needle  shedding  disease,  88 
Pitcher's  sage,  103,  107 
Plant  indicators;  see  Indicator  vege- 
tation 
Plants 

activities  in  soil,  1 


Plants,  affecting  soil  structure,  7 
residues  removed  from  soil,  10 
role  in  soil  formation,  4 

Plasmolysis,  by  alkali,  14 

Plerome,  38 

Poa  pratensis;  see  Bluegrass 

Porcupine  grass,  95,  99,  101 

Pore  space,  9,  28 

Potash  in  clover  roots,  238 

Potassium  salts,  177,  228 

Potato 

absorption  of  nitrates,  57 
absorption  of  water,  56 
effect  on  tobacco,  80 
effects  of  nitrates,  246 
in  root  rotations,  78 
other  investigations  on,  245 
rate  of  root  growth,  47 
root  habits,  240-246 
Rural  New  Yorker,  246 
subsurface  soil  fertilized,  70 
summary,  246 
Wliite  Star,  245 

Potato,  Bliss's  Triumph,  243 

variations  in  same  soil,  243,  244 
conditions  for  gro\nh,  243 
yield,  245 
variations  under  irrigation,  245 
yield,  245 

Potato,  Early  Ohio,  240,  246 
early  development,  240 
mature  root  system,  241,  242 
planting  and  cultivation,  240 
root  habit  and  tillage,  241,  242 

Prairie  clovers,  125 

Prairie  rose,  108 

Prairie  shoestring,  101 

Precipitation 

amount  intercepted,  16 
effect  upon  soil  air,  30 
limiting  crop  production,  53 
relation  to  water  content,  16 

Prickly  poppy,  125 

Primary  root,  33,  34 

Primary  root  system,  33,  34, 133 
duration,  152 

Productivity  of  soils,  14 
affected  by  grass  roots,  204 
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Prop  roots;  sec  Bruce  roots 
Prosopis,  30 
Protoplasm,  35,  37,  40 
Protozoa,  11 
Pruning 

almond,  74 

corn  roots,  76 

indigo,  74 

sweet  potato,  74 
Psoralea  floribunda;  see  Wild  alfalfa 
Psoralen  lanceolata,  130 
Psoralea  tenuiflora,  124 
Pumpkin,  temperature  for  germina- 
tion, 24 
Purple  clover;  see  Red  clover 
Purple  cone  flower,  103 

Red  clover,  231 

composition  of  roots,  238 

first  season's  growth,  233 

growth  by  late  summer,  231,  232 

importance,  231 

in  relation  to  productivity,  238 

in  relation  to  soil  structure,  238 

length  of  life,  231 

mature  plants,  233 

nitrogen  relation,  239 

of  various  ages,  232,  233 

pounds  of  roots  per  acre,  238 

root  habit  and  growth,  234 

root  habits,  231-234 

summary,  239 

2.5  months  old,  231,  232 
Red  top,  204 

Redfieldia  flexuosa,  125,  127 
Reed  canary  grass,  204 
Respiration 

anaerobic,  29 

exclusion  of  oxygen,  30 
Rhus  glabra,  132 
Rock  decomposition,  2,  4 
Rodents  and  soil  structure,  8,  1 16 
Root  cap,  35,  36,  37,  42 
Root   habits;   see   also    Roots,    and 
Root  system 

affected  by  carbon  dioxide,  31 
competition,  65 
decayed  roots,  68 
fertilizers,  68,  69,  70 


Root   habits,   affected  by   hill  fer- 
tilization, 71 

mixing  soil,  77 

nitrates,  57 

roots  of  previovtS  crops,  79 

subsoil  fertilizer,  70 

temperature,  25 

tillage,  75,  76,  212,  213 
in   relation   to  crop  behavior,   92 
indicating  place  of  absorption,  58 
mixed  prairie,  119 
modified  by  drainage,  64 
modified  by  irrigation,  62 
of  native  plants,  92 
of  plains  crops,  117 
of  sandhill  plants,  125 
Pacific  Northwest,  131 
relation  to  crop  production,  53 
relation  to  disease,  87,  88 
responses  to  environment,  58,  61 
short-grass  plains,  117 
tall-grass  prairie,  95 
variation,  60,  61 
Root  hairs,  35,  36,  39,  43 
contact  with  soil,  43 
death,  44 
description,  38 
direction  of  growth,  43 
duration,  44 
effect  of  acidity,  86 
entered  by  fungi,  89 
factors  affecting  development,  43, 

44,  45 
importance,  43,  45 
increase  in  absorbing  area,  38,  43 
number,  43 
occurrence,  44 
origin,  38,  40,  44 
relation  to  transplanting,  44 
role  in  absorption,  22 
size,  43 
walls,  22,  43 
Root  physiology,  75 
Root  pruning,  63 
Root  stratification  in 
grapes,  69 
green  ash,  68 
native  species,  67,  68 
sugar  l)eet,  66,  68 
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Root  system;  see  also   Roots,   and 

Root  habits 
absorbing  depth,  57 
activities,  54 
aerotropism,  88 
affected  by  competition,  78,  79 

nitrates,  66,  69,  74 

straw,  76 

transplanting,  72 
chaparral  and  pine,  79 
control  of  shape,  63 
death,  63,  88 

depth  controlled,  79,  187,  189 
depth  of  transplanting,  72 
depth  promoted  by  phosphates,  69 
dwarfed  by  disease,  89 
effect  on  aeration,  218 
effect  on  subsoil,  109 
extent,  54 

fertilizing  effect,  218 
growth  in  autumn,  73 

seedling,  53 

spring,  73 
ideal  type,  62 
in  acid  soil,  86 
in  alkali  soil,  83,  84,  85 
in  relation  to  forage  production, 
198 

light  duration,  74 

"plowsole,"  72 

reserve  food,  75 

spread  of  disease,  89 

weed  eradication,  82,  83 
increased  by  transpiration,  74 
of  various  cultivated  grasses,  198, 

203,  204 
one-sided,  72 

preventing  soil  erosion,  81 
rate  of  development,  99 
reduced  by  pruning,  74 
relation  to  cultivation,  72 
relation  to  soil  moisture,  61,  62 
response    to    low   water  content, 

64 
shaped  by  compact  soil,  72 
time  of  growth,  73 
various  factors  affecting,  75 
"Root  tracks,"  4 
Root-hair  zone,  44 


Roots;  see  also  Root  system,   and 
Root  habits 
absorbing  areas,  50 
absorbing  portion,  47 
adventitious,  33,  35 
aerating  system,  39 
affected  by  carbon  dioxide,  30,  31 
affecting  soil  structure,  7,  238 
areas,  47 
bark  of,  47 

branching  and  aeration,  30 
causing  soil  formation,  4,  5 
composition  of  red  clover,  238 
cross-section,  38,  39 
descril^ing;  see  Methods 
differentiation  of  tissues,  38 
drawings;  see  Methods 
dry  weight  in  corn,  50 
elongation,  38 
enlargement,  38 
excavating;  see  Methods 
fibrous,  33 
fleshy,  47 
force  exerted,  38 
functions,  33,  47 
growth  and  temperature,  86 
in  aerated  cultures,  30 
kinds,  33 
length  in  rye  and  wheat,  153,  154, 

155,  162 
longisection,  36,  38,  41 
number  of  rye  and  wheat,  162 
of  bog  plants,  30 
origin,  33 

photographing;  see  Methods 
physiology  of,  75 
pounds  per  acre,  238 
primary,  33 

primary  root  system,  33,  34 
prop  or  brace,  33 
rate  of  growth,  47 
ratio  to  tops,  50 
relation  to  fertilizers,  66 
relation  to  soil  moisture,  61 
relation  to  tops,  62 
resistance  to  disease,  90 
responses  to  environment,  58 
secondary  system,  33,  34,  35 
seminal,  33 
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Roots,  sensitive  to  aeration,  30 
specializing  of  tissues,  38 
structure,  33,  35,  36,  39 
Rosa  arkansana,  108 
Roses,  129 

Rosin  weed,  103,  106 
Runners,  35 
Run-off,  amount,  16 
Rye,  162 

absorption  from  subsoil,  56 
adapted  to  dry  climates,  162 
branching  of  roots,  162 
carbonate  layer  and  root  depth, 

165 
general  description,  162 
length  of  roots,  162 
mature  root  system,  162 
number  of  roots,  162 
preventing  erosion,  82,  83 
primary  root  system,  162 
retarding  sand  blowing,  164 
root  habits,  1-62-166 
root  rotations,  78 
root    variations    under    different 
soils  and  climates,  162 
Colorado,  163,  164 
eastern  Nebraska,  162,  164 
in  sandy  soil,  163,  164 
mixed  prairie,  165 
North  Dakota,  163 
short-grass  plains,  165 
tall-grass  prairie,  165 
Rosen,  162 
summary,  166 

Sachs,  66 

Sage,  125 

Sages  of  sandhills,  129 

Salvia  pitcheri,  107 

Sand  reed  grass,  82,  125 

Sandhill  plants,  129 

depth  of  rooting,  125,  129 

environment,  125 
Sandhill  bluestem,  125,  128 
Secale  cereale;  see  Rye 
Secondary  growth  in  roots,  45,  46 
Secondary  root  system,  33,  34,  35, 

133 
Sedges,  122 


Seed  bed 

aeration,  31 

biological  activities,  31 

yield,  31 
Seminal  roots,  33 
Shantz,  109 
Sheep's  fescue,  204 
Shepperd,  253 
Short-grass  plains,  94,  109,  110 

climate,  109 

conditions  indicated,  116 

crops,  117 

depth  of  roots,  109,  111,  117 

dominant  species,  111 

nature  of  vegetation,  109,  117 

range,  109 

soil  analyses  in,  17,  18 

soil  environment,    109,    110,    113, 
116,  117,  129 

soil  temperature  during  growing 
season,  24 

water    content    during    growing 
season,  20 
Short  grasses,  94,  118 
Sieve  tubes,  39,  40,  41,  42 
Silphium  laciniatum,  103,  106 
Smilacina  stellata,  60 
Soil 

acid,  15,  83 

alkali,  14,  83 

analyses,  6,  17,  18 

classes,  5,  6 

colloids,  6,  12,  14,  16,  17,  18,  19 

complexity,  1 

composition,  1,  2,  18 

development,  2 

erosion,  80 

nutrients,  see  Nutrients  in  soil 

origin,  2,  3 

particles,  5,  6,  18 

peat,  9 

pore  space,  9 

structure,  5 

affected  by  alkali,  14 
affected  by  earthworms,  7,  8 
affected  by  insects,  8 
affected  by  rodents,  8,  116 
cause,  6 
destroyed,  6 
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Soil,  structure,  effect  on  root  branch- 
ing, 219,  220.  223 

effect  on  root  penetration,  220, 
223 

effect  on  water  capacity,  17 

influence  of  tillage,  7 

modified  by  carbonates,  19 

modified  by  grasses,  204 

nature,  6 

relation  to  percolation,  8 
texture,  5,  18 

relation  to  percolation,  16 

relation  to  run-off,  16 

relation  to  water  capacity,  17,  19 
Soil  air,  28;  see  also  Aeration 
amount,  28 
composition,  28,  29 
effect  of  exclusion,  30 
effect  on  harmful  substances,  80 
effect  of  rains,  30 
in  relation  to 

biological  activities,  29 

distribution  of  cacti,  30 

drainage,  31 

root  branching,  30,  68 

root  growth,  29,  63 

root  structure,  30 

tillage,  31 

toxins,  29 
in  water  films,  29 
increased  by  drainage,  54 
increased  by  mixing  soil,  77 
increased  by  old  root  channels,  68 
plants  sensitive  to,  30 
renewal,  28 
response  of  roots,  62 
Soil  erosion,  80 

and  vegetation,  81,  82,  83 
extent  of,  80 
Soil  solution,  12 

and  root-hair  development,  45 
composition,  12 
concentration,  12,  13 
importance,  13 
nature,  12 
origin,  12 
Soil  structure;  see  Soil 
Soil  temperature,  23 

relation  to  nodule  growth,  87 


Soil  temperature,  relation  to  aera- 
tion, 86 
Soil  water;  see  Water  of  soil 
Solanuin  tuberosum;  see  Potato 
Solidago  missouriensis,  103 
Solomon  seal,  60 
Solution  in  soil  formation,  2 
Sorghum,  192 

ability  to  endure  drought,  65,  195 
Black  Amber,  mature  root  system, 

192 
Blackhull  Kafir  and  Dwarf  Milo 
conditions  for  growth,  193 
early  development,  193,  194 
mature  plants,  194,  195 
7-weeks-old,  193 
center  of  production,  93 
compared  with  corn,  65,  195 
depth  of  cultivation,  196 
effect  on  wheat  yield,  196 
Folger,  mature  root  system,  193 
Kafir,  Blackhulled  white,  193 
listing,  196 

method  of  cultivation,  196 
radicle  or  seed  root,  192 
root  habit  and  drought  resistance, 

195 
root  habit  and  growth  in  poor  soil, 

195,  196 
root  habits,  192-197 
roots    depress    wheat    yield,    80 
summary,  197 

tillage  and  crop  rotations,  196 
Soy  bean,  87 
Spartina     michauxiana;     see     Tall 

marsh  grass 
Sporobolus  asper,  99 
Squash,  rate  of  root  growth,  47 
Starch  sheath,  42 

Stele  or  central  cylinder,  36,  38,  39, 
42 
changes  within,  45 
Stimuli   directing  root  growth,   37, 

38 
Stinking  smut  of  wheat,  27 
Stipa  comata,  120,  121 
Stipa  spartea;  see  Porcupine  grass 
Structure  of  soil;  see  Soil 
Suberin,  41,  45,  47 
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Subsoil 

absorption  of  nutrients  from,  56, 
58,  70,  101 

absorption  of  water  from,  55 

activities  of  roots,  54 

getting  fertilizer  into,  70 

growth  of  alfalfa,  58 

growth  of  corn,  58 

importance,  58 

leaching  in  of  nitrates,  58,  70 

productiveness,  58 

time  of  absorption  from,  5" 

unproductiveness,  58,  75 
Subsoiling  and  yield,  77 
Sugar  beet,  206 

culture,  206 

development  under  increased  rain- 
fall, 212 

effect  of  irrigation,  207,  208,  209, 
210,  211 

environment,  206,  207,  208,  210 

food  storage,  206,  213 

half-grown  root  system,  208 

in  alkali  soil,  85 

inheritance  of  root  form,  61 

in  North  Dakota,  212 

mature  root  system,  210,  211 

"mother  beets,"  roots,  213 

nature  of  beet,  206 

relation  of  root  habit  to  tillage.  212 

relation  to  hardpan,  213 

relation  to  "pinching,"  213 

root  habits  of,  206-214 

seed  production,  213 

stratification  of  roots,  66,  68 

summary,  213 

temperature  and  root  growth,  213 

thinning,  212 

time  and  manner  of  cultivation, 
212 

variations  in  root  habit,  207,  208, 
209,  210,  211,  212 

variety  grown,  206 

yield,  212 

young  root  system,  207 
Sumac,  132 
Sunflower,  Russian,  247 

competition  with  corn,  249 

early  growth,  247 


Sunflower,  Russian,  effect  of  compe- 
tition, 249,  252 

mature,  247,  250,  251 

root  habits,  247-252 

silage,  247 

summary,  252 

2.5-month's  old,  247,  248 

variations  in  root  habit,  249 

water  requirement,  249 
Sweet     clover;     see     White     sweet 

clover 
Sweet  potato,  74 
Sijmporicarpos   sTjmphoricarpos,    132 

Tall  marsh  grass,  48,  97,  98,  99 
Tall  meadow  grass,  204 
Tall  panic  grass,  97,  98,  99 
Tall-grass  prairie,  94,  95 
climate,  95 

conditions  indicated,  108 
depth  of  roots  in,  108 
dominant  species,  95 
nature  of  vegetation,  94 
range,  94 

soil  analyses  in,  17,  18 
soil  environment,  95,  129 
soil  temperature  during  growing 

season,  24 
water     content    during     growing 
season,  19,  20 
Taproot,  34,  35 
Temperature  of  soil,  23 
average  for  each  season,  26 
control  of,  26 
effect  on  aeration,  25,  85 
distribution  of  cacti,  25 
growth  of  roots,  24,  25 
growth  of  tops,  25 
growth  of  wheat,  151,  152,  153 
higher  plants,  23 
rate  of  weathering,  25 
root  growth  in  "mother  beets," 

213 
root  habit,  25 
root-hair  development,  45 
root  temperature,  25 
transpiration,  15,  16 
weathering,  25 
factors  affecting,  25 
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Temperature  of  soil,  favorable  for 
crops,  24 

fluctuations  and  growth,  25 

for  germination,  24 

for    growth    of    various    species, 
25 

rate  of  fluctuation,  26 

relation  to  disease,  26,  27 

relation  to  soil  organisms,  25 

relation  to  soil  processes,  25 
Ten  Eyck,  253 
Texas  root  rot,  89 
Texture  of  soil;  see  Soil 
Tillage;  see  Cultivation 
Tillering 

in  wheat,  151,  152 

increased  by  nitrates,  57,  74 

of  native  grasses,  99 
Tilth  and  humus,  7,  9 
Timothy,  204 

center  of  production,  93 

in  mixed  prairie,  131 
Tobacco,  80 

Tobacco  root  rot,  27,  88 
Tomato  wilt  and  temperature,  27 
Toxins,  15,  29,  44 
Tracheary  tubes,  36,  39 

arrangement,  40,  42 

function,  39,  42 

kinds,  40 

origin,  39 
Tracheids,  40 
Transpiration  and  temperature,  15, 

16 
Transplanting,  72,  73 
Trifolium  pratense;  see  Red  clover 
Trifolium  repens;  see  A¥hite  clover 
Triticum  aestivum;  see  Wheat 
Triticum  durum;  see  Wheat 
Tubercles;  see  Nodules 

Verbena  stricta,  83 
Vernonia  baldvnnii,  83 
Vervain,  83 

Water  of  plant,  15 
amount  absorbed,  20 
movement  through  plant,  22 
uses  to  plant,  15 


Water  of  soil,  15 

affecting    root    stratification,    68 

amount  absorbed,  20 

amounts  during  growing  season, 
19,  20 

dissolving  power,  4 

effect  on  growth,  21 

effect  on  temperature,  26 

in   relation   of   roots  to   tops,    62 

injurious  effects  of  excess,  63 

kinds,  16 

movement  to  absorbing  surfaces, 
22 

relation  to  precipitation,  16 

relation  to  roots,  61,  62 

sorting  out  species,  64 

unavailable  for  growth,  22 
Water  requirement 

corn,  183 

sunflower,  249 
Water  retaining  capacity,  17,  28 

factors  determining,  17 

"  Water  stress  of  cotton,"  88 
Water  table  in  relation  to 

aeration,  63,  88 

alfalfa,  227 

irrigation,  211 

root  behavior,  63 

root  penetration,  64 

roots  of  sweet  clover,  238 

shape  of  root,  63 

yield  of  grasses,  64 
Wax  seal  method,  55,  56 
Weathering  of  rock,  4 
Weeds,  harmful  effect  of,  185 

eradication,  80,  82,  83,  84 
Western  wheat  grass,  119,  120 
Wheat,  133 

effect  of  phosphates  on,  69 

fall  plowing,  160 

fertilizers,  160 

growth  promoted  by  nitrates,  13 

in  mixed  prairie,  131 

in  Pacific  Northwest,  132 

investigations,  in  Dakota,  157 
in  England,  160 
in  Minnesota,  157 
in  New  Jersey,  159 

other  investigations  on,  157 
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Wheat,  packing  of  soil,  160 
planting,  160 
primary  root  system,  183 
root  establishment,  160 
root  habit  and  cultural  practice, 

160 
root  habits  of,  133-161 
secondary'  root  system,  133 
seed  bed,  160 
seedling  development  and  disease, 

26,  27 
stinking     smut     and     soil     tem- 
perature, 27 
summary,  161 

temperature  for  germination,  24 
winterkilling,  23 
yield,  depressed  by  sorghum,  196 
^^^^eat  bunch  grass,  131 
Wheat,  Durum,  139 
Wheat,  Kanred  winter,  143 
absorbing  area,  153,  154,  155 
deterioration  of  cortex,  147 
development    of    top    and    roots, 

149 
dry  weight  of  tops,  149,  151,  152 
duration,  primary  roots,  152 
growth  of  root  systems,  151 
growth  resumption,  152 
length  of  roots,  151,  153,  154,  155 
mature  root  system,  155,  156 
number  of  leaves,  151,  152 
number  of  roots,  151 
photosynthetic    area,     149,     151, 

153,  154,  155 
relation   of   roots   to   tops   under 

different  climates,  157,  159 
root     variation     under     different 
soils  and  climates,   155,   157, 
158 
stages  of  development 
10-day-old,  143 
20-day-old,  143,  144 
30-day-old,  144,  145 
40-day-old,  145,  147 
55-day-old,  14g,  149 
70-day-old,  149,  150 
temperature  and  growth,  151,  152, 

153 
tiller  production,  151,  152 


Wheat,   Kanred  winter,  transpiring 
area,  153,  154 
winter  injury,  152 
working  depth,  151 
Wheat,  Marquis  spring,  133 
45-day  old,  134 

in  dry  land  and  imder  irrigation, 
139 
conditions  for  growth,  139 
early  development,  139,  140 
half-grown  plants,  140,  141 
mature  root  system,   140,  141, 

142,  143 
yield,  141,  143 
mature  root  system,  136,  137 
month-old  plants,  133 
roots,  and  oats,  137 
2-months-old  plants,  135,  136 
variations  in  root  habit,  137,  138, 
139,  142 
Wheat,  spring 

center  of  production,  93 
WTieat,  winter 

absorption  of  water,  56 

and  alkali  soil,  84 

center  of  production,  93 

duration  of  root  hairs,  44 

grain    development    and    water, 

62 
in  mixed  prairie,  131 
in  nutrient  solution,  69,  74,  86 
in  root  rotations,  78 
in  short-grass  plains,  65 
irrigation,  63 
rate  of  groAvth,  47,  48 
yield  depressed,  80 
\^iiite  clover,  234,  238 
\Miite  sweet  clover,  234-239 
effect  on  soil,  238 
early  development,  235,  236 
4-month's-old,  235,  236 
habit  of  growth,  235 
Hubam,  238 
summary,  239 
12-months-old,  235,  237 
Wild  alfalfa,  101,  102,  116 
Wild  licorice,  101 
Wild  rye,  99 
Winterkilling,  23,  152 


Wire  grass,  113,  114,  122 
Wood;  see  xylem 
Wood  fiber,  45 
Wood  parenchyma,  45 

Xylem,  39,  41,  46 
secondary,  45,  46 
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Yucca,  125,  257 


291 


Zea  mays  indeyitata;  see  Corn 
Zone  of  division,  35,  36 
Zone  of  elongation,  35,  36,  37,  38 
Zone  of  maturation  and  maturity, 
36,  38 
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